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The  Electronic  Properties  Information  Center  (EPIC)  was  established  in 
June  1961  at  Hughes  Aircraft  Company,  Culver  City,  California.  It  is  operated 
under  contract  with  the  Air  Force  Materials  Laboratory,  Research  and  Technology 
Division,  Wright-Patterson  Air  Force  Base,  Ohio.  The  Contract  was  initiated 
under  Project  Ho.  7381,  Task  No.  738103,  with  Mr.  F.  F.  Klinger  acting  as 
Project  Engineer, 

The  EPIC  Information  Analysis  Center  is  a  center  for  the  collection,  re- 
viow  and  analysis  of  tha  scientific  and  technical  literature  on  the  electrical 
and  electronic  properties  of  materials.  Its  major  function  is  to  evaluate, 
compile  and  publish  the  experimental  data  from  that  literature.  Through  the 
medium  of  a  series  of  publications  such  as  Data  Sheets,  Special  Reports,  State- 
of-the-Art  Reports,  Computer  Bibliographies,  and  services  including  special 
studies,  answers  to  technical  inquiries,  research  support  Is  provided  to  the 
DcD  community.  EPIC  input  is  primarily  from  the  open  literature.  A  large 
number  of  abstract  journals,  in  addition  to  about  90  other  journals,  and  the 
unclassified  report  literature  are  completely  searched. 

This  report  consists  of  the  compiled  data  sheets  on  the  Bismuth  Telluride- 
Bismuth  Selenide  System.  A  full  list  of  EPIC  publications  to  date  appears  at 
the  end  of  the  report. 

The  author  wishes  to  acknowledge  the  assistance  afforded  by  Dr.  J.  J. 
Grossman  in  reviewing  the  experimental  data,  and  the  contribution  of  Mr.  E. 
Schafer  in  the  thorough  pre -publication  review  of  the  compilation.  The  sup¬ 
porting  assistance  of  other  members  of  the  EPIC  staff,  in  particular,  Mrs.  D. 
Gough,  Mr.  Thomas  Lyndon,  and  Hr.  W.S.  Hodge,  is  gratefully  acknowledged. 
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ABSTRACT 


These  data  sheets  present  a  compilation  of  a  wide  range  of  electronic 
properties  tor  the  bismuth  telluride-bismuth  selenide  system.  Electrical 
properties  include  conductivity,  dielectric  constant,  Hall  coefficient,  and 
mobility.  Emission  data  have  been  bi-oken  down  into  the  varied  electron  and 
photon  emissions  which  result  from  application  of  electromagnetic  energy  over 
a  wide  spectrum.  Energy  data  include  energy  bands,  energy  gap,  and  energy 
levels,  as  well  as  effective  mass  tables,  and  work  function.  The  optical 
properties  include  absorption,  reflection,  a;,j  the  refractive  index.  Other 
magnetic  data  and  irradiation  effects  are  presented,  as  well  as  several  re¬ 
lated  physical  phenomena,  such  as  piei-oclectri*  properties,  Debye  temperature 
and  electronic  specific  heat.  Thermoelectric  properties,  thtrmal  conductivity 
and  figure  of  merit  tables  and  graphs  are  especially  presented.  Each  property 
is  compiled  over  the  widest  possible  range  of  parameters  including  bulk  and 
film  form,  from  references  obtained  in  a  thorough  literature  search. 

A  summary  of  crystal  structure  and  phase  transitions  has  been  included. 

This  report  has  beer,  reviewed  and  is  approved  for  publication. 


fcmil  Schafer,  Assistant/Hcad 
Electronic  Properties  Information  Center 
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INTRODUCTION 

The  Initial  step  in  ths  preparation  of  this  data  shaat  was  the  retrieval, 
by  mam  of  modified  coordinate  index,  of  all  bismuth  telluride-bismuth  selenide 
system  literature  in  the  EPIC  file.  Bibliographies  were  also  reviewed  to  en¬ 
sure  the  inclusion  of  all  relevant  literature.  Those  papers  containing  primary 
source  data  were  selected  unless  only  secondary  references  were  available.  If 
equally  valid  data  wave  evailablu  f»oia  several  sources,  all  were  given.  Dote 
ware  rejected  when  considered  questionable  because  of  faulty  or  dubious  measure¬ 
ments,  unknown  sample  composition,  or  if  more  reliable  and  inclusive  data  were 
available  from  another  source.  Selection  of  data  was  based  upon  evaluation  of 
that  which  was  most  representative,  precise,  reliable  and  inclusive  over  a  wide 
range  of  parameters.  The  addition  of  new  data  to  a  material  compilation  re¬ 
quires  a  reappraisal  of  the  reported  values.  Older  dava  may  be  deleted  in 
light  of  the  new  data. 

Within  every  property  section  we  have  tried  to  include  every  available 
parameter  and  range  of  experimental  condition  in  the  literature.  Information 
on  taat  conditions  and  sample  specification  are  extracted  from  the  article. 

SoiM  slight  alterations  in  units  and  presentation  may  be  made  to  facilitate 
comparison  with  other  experimental  data. 

In  the  thermoelectric  properties  section,  electric  conductivity  and 
thermal  conductivity  graphs,  (where  available  for  the  same  samples)  are  pre¬ 
sented  with  thermal  eraf  data  in  order  to  facilitate  calculation  of  figure  of 
merit  values.  Cross-referencing  of  germane  information  is  also  provided. 

Within  the  individual  properties ,  arrangement  has  generally  been  to  show 
the  pure  sample  data  followed  by  the  effects  of  dopants  (in  alphabetical 
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order).  Doling,  per  se,  however,  ie  often  not  a  qualifying  factor,  and  graph* 
may  be  arranged  or  grouped  according  to  experimental  parameters. 
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In  presenting  tabular  data,  values  are  variously  arranged.  In  sons  cose' 
It  la  by  dopant,  in  others  by  magnitude  of  numerical  value.  On  occasion, 
however,  the  values  from  one  reference  may  be  grouped  for  comparison. 


The  references,  from  which  the  dats  are  drawn,  are  shown  by  accession 
number  below  each  graph,  with  the  full  bibliographic  citation  tabulated  at 
the  end  of  the  data  sheets.  The  bibliography  is  listed  by  accession  number.  • 

An  introductory  section  on  the  crystallographic  structure  and  phase  • 

diagrams  of  this  system  includes  lattice  arrangements  and  correlation  ^ith 
thermoelectric  properties. 
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CRYSTALLOGRAPHY 


Bismuth  telluride  occur*  naturally  as  telluroblsmuthite  In  irregular 
plates  or  follatad  masses.  It  is  soft,  with  a  metallic  lustre;  tha  (0001) 
cleavage  la  perfect,  to  that  all  waiurimti  are  Bad*  aither  normal  or 
para 1 la 1  to  that  plan*.  Tha  hexagonal  symmetry  indicates  that  the  electronic 
properties  are  anisotropic.  This  anisotropy  is  very  narked  in  optical  measure- 
swnts  [Ref.  3124];  dielectric  constant  [Ref.  .10299];  electrical  conductivity 
[Ref.  631],  [electrical  conductivity  normal  to  tha  (0001)  cleavage  plane  is 
.1  of  that  parallel  tc  the  (0001)];  magnatoelectric  measurements  [Ref.  19045]; 
reflectivity  [Ref.  18221];  and  thermoelectric  enf  [Ref.  19B27J. 

Bisauth  selanide  occurs  naturally  as  orthorhombic  guana juatite  in  acicular 
crystals  or  granular  foliated  or  fibrous  masses.  The  cleavage  is  distinct  on 
(010)  or  (001).  The  mineral  is  soft  with  metallic  lustre.  The  synthetic 
material  is  rhombohedral  and  apparently  isostructural  with  the  telluride. 

Wyckoff  states  that  both  the  bismuth  telluride  and  the  bismuth  selenide 
are  rhombohedral  crystals  with  a  one  molecule  unit.  The  corresponding  hexa¬ 
gonal  cell  contains  three  molecules  and  the  molecule  is  considered  to  have 
atom  layers  along  the  c-axis. 

The  ternary  comprises  a  continuous  series  of  isomorphic  (rhombohedral) 
compounds  [Ref.  19825],  As  the  selenium  content  increases,  it  becomes  more 
difficult  to  obtain  single  crystal  material  in  thin  enough  specimens  to  do 
optical  work  [Raf.  22468]. 
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Compo¬ 

sition 

Symmetry 

Lattice  Conctant#  Remarks 

Ref^ 

a 

^2. 

c 

-£L 

Bi„Te. 

*  «J 

hexagonal 

4. 384  *  0. 

ooiA 

30.495  •  O.OObA  300°K 

21735 

•Vs 

hexagonal 

a 

_SL 

4.240 

<1.376 

4.369 

4.36 

c 

—2. 

11.076 

30.39 

30.424 

30.3 

c  /a 

2.612 

6.945 

6.963 

6.9655 

Dor.nay 

bi2t.3 

rhombo- 
hedral  cell 
hexagonal 
cell 

10.473 

4.3836 

3C.487 

a 

240  10< 

Wyckof  f* 

BiTo 

cubic 

6.47 

Wyckoff** 

Bi2&e3 

hexagonal 

6.70? 

4.16 

4.125 
4.13  to 
4.16 

11.26 

2B.6S 

28.56 
28.7  to 
29.3 

1.680 

6.8836  natural  crystal 

iso\ypic  with  Bi  Te 

6.9236 

6.949?  to  variable 

7.0096  composition 

Donnay 

3 

Bi2Se3 

rhombohedral 

cell 

hexagonal 

cell 

9.341 

4.138 

20.64 

c_ 

24°  16’ 

Wyckoff* 

Ei3Se4 

hexagonal 

4.21  to 
4.28 

40.3  to 
41.1 

9.5724  to  variable 

9.6028  composition 

Donnay 

Bl3S*4 

rhombohedral 

hexagonal 

cell 

13.719 

4.23 

40.5 

17°  44' 

Wyckof f* 

Compo¬ 

sition 

Symmetry 

tattice  Constants 

Remarks 

Ref. 

BiSe 

cubic 

5.86 

Bonnay 

BiSe 

cubic 

5.99 

Wyckoff** 

Bi2Te2Se 

rhombo- 
hedral  cell 
hexagonal 
cell 

10.255 

4.28 

24°  S' 

29.86 

i 

Wyckoff* 

Molecular  % 


Bi2Te3 

Formula 

100 

0 

Bi  Te 

95 

90 

5 

10 

g^*2.eSgVl5 
Bi2Te2.7  Sc0.3 

83.33 

16.67 

Bi  Te  Se 

80 

20 

Bi^Tel Se°  * 

66.67 

33.33 

Bijre^4  Se0*6 

60 

40 

Bi  Te  Se.  0 

Bi^Te,"  Se,! 

50 

50 

40 

60 

B12Tei  ] 

33.33 

66.67 

Bi  Te  Se 

22.22 

0 

77.78 

100 

B*2%./7S«2.33 

The  atomic  formulas  and  corresponding  molecular  percent  compositions  are 
given  here  for  general  reference  purposes. 


[Ref.  217353 


Huh  ilistrein  of  Hw  kHmurit-MUrim*  cyMm  hi  HM 
rt(tM  M*r  tin  cMynttni  tMltitf  CMipemrf. 


WIISHT  FE»  Cl  M  T  TIUUIIUM 


Bi-BljT«g  eutectic,  1-1. 5*<  wgt.  Te,  263-267®C 
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BijT«g-T«  eutectic  85  wgt.%,  410-413°C 
Bi  mpt  269-271°C 
Te  "  447-4 5 2°C 


[Hansen] 
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Arrangement  of  atoms  In  bismuth 
selenide  as  viewed  parallel  to  the 
basal  (cleavage)  plane. 

[Ref.  5564] 


L-9_9-9_°  9- 9v 

oooooo" 

Arrangement  of  atoms  in  bismuth  telluride 
as  viewed  parallel  to  basal  plane ,  show¬ 
ing  layer  structure  and  two  types  of 
tellurium  atoms. 

[Ref.  19825] 


"Considering  the  transition  from  Bi2Te3  to  Bi2Se3  in  light  of  the 

preferential-substitution  hypothesis,  BijTej  has  the  highest  p-type  conduc- 

2 

tivity  in  the  system.  Then,  with  initial  substitution  of  selenium  in  Te 

2  2 
sites,  Bi-Te  pair  bonds  would  be  replaced  by  more  ionic  Bi-Se  bonds.  Here 

decreasing  electrical  conductivity  and  increasing  energy  gap  were  noted. 

At  x  »  Is  tn*  Bi-Te  pair  bonds  hypothetically  would  be  replaced  by  Bi-Se* 

12  1 

bonds  and  the  solid  would  consist  of  mutually-bonded  Te  -Bi-Se  -Bi-Te  chains. 
At  Bi^Te^Se  the  Seebeck  coefficient  is  observed  to  cross  zero,  electrical 
conductivity  is  minimum  and  energy  gap  is  essentially  maximum.  With  contin¬ 
ued  selenium  substitution  (now  in  Te1  sites)  the  observed  property  trends 
are  reversed,  i.e.,  the  sign  of  the  Seebeck  coefficient  becomes  negative, 
electrical  conductivity  increases,  and  energy  gap  decreases  slightly." 

[Ref.  19825] 
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Stoichiometric  bismuth  telluride,  is  always  p-typa;  excess 


talluriua  or  halogens  yield  n-type.  Excess  bismuth,  lead  or  cadmium  maintain 
the  p-type.  [Ref.  15291]  Copper  has  a  high  diffusion  rate  in  both  the 
telluride  and  selenide  and  yields  n-type  material,  so  it  should  never  be 
used  for  contacts.  [Ref.  2595] 


In  the  mixed  crystals  Bi  Te,  Se  ,  the  carrier  concentration  decreases 

a  X 


with  increasing  x-values,  probably  due  to  decrease  in  bismuth.  Intrinsic 


conductivity  occurs  around  BijTe^Se.  At  x  >  1,  the  crystals  are  n-type,  and 


19. 


the  electron  concentration  then  increases  to  a  maximum  of  3  x  10  /cc  for 


Bi2Se3.  [Ref.  10984] 


The  thermoelectric  properties  of  the  bismuth  telluride-bismuth  selenide 
system  are  a  function  of  the  composition  and  the  doping.  Bismuth  telluride- 
rich  mixed  crystals  in  this  series  are  p-type  if  undoped.  By  means  of  donors 
such  as  silver,  copper,  chlorine,  bromine  and  iodine,  however,  n-conduction 
can  be  achieved.  This  provides  the  optimum  electron  conductivity.  Halogen 
donors  are  located  in  lattice  vacancies,  while  copper  and  silver  are  held 
interstitially.  Because  of  its  high  diffusion  rate,  under  certain  conditions 
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While  normal  electron  scattering  resulting  from  lattice  vibrations  is 
temperature  dependent,  the  substitution  of  selenium  for  tellurium  reduces  the 
additional  scattering  due  to  lattice  defects.  At  low  temperatures,  the 
scattering  becomes  evident  on  ionized  centres.  The  highest  figure  of  merit 
at  room  temperature,  connected  with  the  most  favourable  temperature  range  for 
the  application  of  the  Peltier  method,  is  the  90-10  mixture  prepared  with 
optimum  halogen  doping. 


D«cr«4i«d  figure  of  marit  values  for  the  n-type  at  low  temperatures  Is 
connsctsd  with  lowered  thermal  Mf,  but  increased  electrical  and  thermal 
conductivity.  Thermal  lattice  scattering  and  ncndager.erscy  aside ,  at  20=C , 
the  lattice  portion  of  tha  then>«l  conductivity  is  .0109  W/cm  deg.  This 
value  closely  approaches  the  minimum  of  the  lsttice  thermal  conductivity 
nominally  at  about  20  mole  percent  bismuth  selenide.  If  It  is  wished  to  dis¬ 
place  the  figure  of  merit  maximum  towards  a  higher  temperature,  the  selenide 
portion  may  be  increased  in  order  to  increase  the  energy  gap.  Strong  doping 
also  allows  intrinsic  conduction  to  occur  only  at  higher  temperatures.  Both 
methods,  however,  produce  a  decrease  in  tha  maximum  figure  of  merit. 


WYCKOFF,  R.*  CRYSTAL  STRUCTURES.  2nd.  ad.  N.Y. ,  Interscience  Publishers, 
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1963.  V.  1,  p.  86. 
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BISMUTH  TELLURIDE 
ABSORPTION  <  a  ) 


Absorption  coefficient  in  single  crystal 
BijTeg  as  a  function  of  wavelength  at  300°K. 

Measurements  on  (0001)  cleavage  plane. 

n  *  5x1017/cc  at  300°K. 
p  R  .055  ohm-cm. 

0 


Wavelength  (microns) 

•  8.3  89  9.5  10 


Photon  energy  (eV) 


Photon  energy  (eV) 


Wavelength  (microns) 

[Ref.  10535] 


Absorption  edge  data  for  single  crystal,  n-type, 
BijTe3>  shown  by  the  square  root  of  the  absorption 
coefficient  as  a  function  of  photon  energy. 

Curves  are  calculated  from  transmission  meaoure- 
ments  made  at  three  temperatures  on  a  nearly 
intrinsic  sample,  iodine-compensated,  on  the 
(0001)  cleavage  plane. 

[Ref.  3124] 
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BISMUTH  TELLUR IDE 
ABSORPTION 
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0.19  ai7  aie  ais  ai4  0.13  aiz  0.19  o.ib  ai?  o.i6  o.is  ai4  0.13  aiz 
Photon  energy  (eV) 


A  comparison  between  the  measured  and  calculated  absorption  edges  in  single 
crystal,  n-  and  p-type,  BijTeg  samples,  showing  the  effects  of  degeneracy 
at  2  temperatures . 

- —  absorption  edges,  at  two  temperatures,  for  the  single  crystal,  n-type, 
intrinsic  sample  shown  on  preceding  page,  given  here  for  comparison. 

- -  calculated  edges  showing  effects  of  degeneracy  at  118  and  29 2° K. 

Points  show  experimental  data 
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BISMUTH  TELLUR IDE 


ABSORPTION 


Photon  energy  (eV) 


Photon  energy  (eV) 


.OSS  .OS* 


*»  0  * 


3  4  Vs* 


Wavelength  (microns) 


Wavelength  (microne) 


Free  carrier  absorption  in  single  crystal  BijTe3  at  300°K.  Values  are  calculated 

frcai  transmission  measurements  on  (0001)  cleavage  plane.  Absorption  coefficient', 
e  X*.  Values  of  s  are  shown  on  curves,  by  solid  lines. 

p-type  n-type 

carrier  concentration  n,  at  4°K 


:d  ^  I”.'* 


♦  3.5xlO*|J/ec 
V  2. 1x10 
x  1.7xl0r_ 

/a  1.7x10a  (intrinsic) 


1.3xlof?/cc 

3.8x10 


[Ref.  524] 
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mm  FOSCS  SATSuAiS  MWiATOit 

jlllUDCM  AMD  YCCMMOIOBY  pIVII'ON 

Aim  ro*Cl  iritmt  COMMA NO 


B  (L«(£V(£)@[BM(3 

®  raoramroiu} 

C  «!^0TPBW 


ABSORPTION 


Inf  rand  transmission  as  a  function  of  £ 
wavelength  for  highly  purified,  p-type  _  '* 

single  crystal  Bi^Te^  et  two  tenperatures.  ®  10 
Thickness  was  0.06  mb  and  illumination  «$  01 
was  norasl  to  the  cleavage  plane  (0001).  **  O.S 


Photon  enemy  («v) 
.it _ 


£  0.4 

f  o.t 


7.4  *X>  t.O  10.0  1 1.0  1*0 

Wavelength  (Microns) 

(Rsf .  7966] 


u 


FfttFAAgD  BY  ILICTAOH'C  VAOF1  ATHf  INFORMATION  CfNTtA  •  NUOHII  AIRCRAFT  COMPANY.  CULVtR  CITY  CALIFORNIA 


BISMUTH  TEIXURIDE 


Photon  energy  (eV) 


Wavelength  (microns) 


Transeiasion  as  a  function  of  wavelength  for 
singls  crystal,  n-type  Bi2Te3  at  11S°K,  using 
light  polarised  in  the  two  principal  directions. 
The  sample  is  iodine  co«pensated>intrinsic . 

E|,  polarised  light  parallel  to  cleavage  planes; 

E  polarised  light  perpendicular  to  cleavage 
1.  plants ,  (0001). 

(Raf.  9124] 
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PRIFARtO  BY  KLICTRONIC  PROPtRTIt*  INFORMATION  CINTIR  •  HUONII  AIRCRAFT  COMPANY,  CULVIR  CITT.  CALIFORNIA 


BISMUTH  TELUJRIDE 
ABSORPTION 


• 

4 

5 
I 

I 


Absorption  eoafflciant  as  a  function  of  photon  anergy  for  singla  crystal, 
(A)  and  fila  (B)  BijTtg,  dapositad  on  tha  (111)  plana  of  a  MCI  substrate. 

Tha  singla  crystal  shorn  a  diraet  intarband  transition  at  0.18  aV  and  a 
highar  transition  at  0.3  aV. 


[Raf.  2246$] 
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BISMUTH  TELLUR  IDE 
ABSORPTION 


Vavalength  (Microns) 


Trwniiiian  as  a  function  of  wavalangth  for: 

I.  Singla  crystal ,  thin  Met ion,  p-typa  Bi2T«3 
1»  2,  3.  Thin  traporatad  filas  of  p-typo  Bi2Ta3 


CRaf.  2711] 
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BISMUTH  SELENIDE 
ABSORPTION 


Transmission  as  a  function  of  wavelength 
for  films  and  pressed  powder  disks  if 
n-type  BijSeg  at  SOO^Ko 


Photon  energy  (eV) 


CRef.  3097] 


Photon  energy  (eV) 


Transmission  as  a  function  of  wavelength 
for  purified  single  crystal,  n-type  BijSe^ 
at  300°K.  Illumination  normal  to  the 
cleavage  plane  (0001),  of  a  0.03  mb  thick 
sample.  Carrier  concentration  is  2xl019/cc. 


I  S  9  4  •  C  7 

Wavelength  (microns) 


[Ref.  2866] 
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BISMUTH  TELLUR IDE-BISMUTH  SELENIDE  (Bi2Te3xS«x) 


ABSORPTION 


Photon  energy  (eV) 


Wavelength  (microns) 


Optical  density  ( normal i red  transmission)  for  Bi.Teg-BijSa^  polyerystalline 
(plane  parallel)  samples  at  300°K.  Sample  specifications  given  in  table. 
Curves  1  and  2  for  pure  Bi^TSg  shoe  transmission  interference  fringes. 


Sample 


rtisssi 


^  Bi-Te*  Bi-Se, 


Type  Thickness  (microns) 


[Rsf.  22468] 
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BISMUTH  TELLUR IDE-BI SMUTH  SELENIDE  (Bi.Te,  S«  > 

£  J"X  X 

DEBYE  TEMPERATURE  (Op) 


Sample 


e  . 

s.h. 

#t.c. 

T°K 

B12T'3 

Ref. 

155.5  *  3 

0 

macrocrystalline 

7764 

161 

80 

polycrystalline 

3030 

158 

90 

159 

100 

181 

120 

165 

140 

171 

160 

182 

180 

190 

200 

> 

212 

220 

3030 

117 

71.6 

10 

single  crystal, 

34 

66 

127.5 

79.3 

15 

n- ,  and 

p-type 

1  li*Y 
■4"‘a 

ao  e 

OU  •  ~J 

AU 

95.3 

25 

98.2 

30 

3466 

180 


80 


BijS« 


3 


polycrystalline 


3030 


t.c. 


s«ht 


8 


is  calculated  from  thermal  conductivity  data 
is  calculated  from  specific  heat  data 
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PREPARED  Or  ELECTRONIC  PROPERTIED  INFORMATION  CENTER  •  NUOHtl  AIRCRAFT  COMPANY.  CULVER  CITY.  CALIFORNIA 


BISMUTH  TELLUR IDE 
DIELECTRIC  CONSTANT  (e) 


Symbol  Value 


Sample 


Wavelength  Temperature  Ref. 


c  %  100  (est.)  single  crystal,  n-type 

°  n  ■  SxlO^'-SxlO^/cc 


14854 


i 

i 


£- 


84.6 


single  crystal,  n-type  8  to  14u  118°K  3124 

nearly  intrinsic,  calc, 
from  index  of  refraction 
n  *  9.2 


Thorough  search  of  the  literature  indicates  no  successful  measurements 
have  been  made  for  dielectric  constant  or  refractive  index  of  bismuth 
selenide. 
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BISMUTH  TELLUR IDE 


DIELECTRIC  CONSTANT 


Wavelength  (microns) 


Real  and  imaginary  part  of  the  dielectric  w 
constant  and  c2,  as  a  function  of  ^ 
photon  energy  in  single  crystal,  p-type  w~< 
Bi„Te_.  Radiation  normal  to  the  cleavage 
plane  (0001)  E^.  Values  calculated  from  # 
reflectivity  measurements .  « 


e  io  i2 


•0  UO  MO 


Rotation  angle  (deg) 


Photon  energy  (eV) 


[Ref.  22468] 


Anisotropy  of  dielectric  constant  in  single 
crystal  Bi^Te^. 

x  is  C|/C| 

•  is  «i/  c  | 

c  it  is  dielectric  constant  measured  parallel 
"  to  c-a  is  or  (0001) 

cx  is  dielectric  constant  measured  normal 
to  (0001) 

[Ref.  10299] 
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BISMUTH  TELLUR IDE 
EFFECTIVE  MASS  (m*) 


Symbol 

V  lue 

■l 

.0505 

”2 

.209 

m3 

.366 

m  + 

C1 

0.114 

m 

c2 

0.145 

m 

c3 

0.236 

V 

0.13 

jf.  lug  Sample 

.0505  single  crystal,  p-typa 


single  crystal 


single  crystal,  p-type 
n  •»>  10^/cc,  field  parallel 
(0001) 


Faraday  rotation 
at  17  kOe  and 
X  »  8-15 >i  and  78«K 


Optical  absorption 
at  1  *  B-20u,  nade 
at  300° K 


Field  parallel  (0001)  X  normal  (0001) 


t  ■  «  cyclotron  effective  mass 
c 


Teat  Measurement  Temperature  Ref. 
magnetoelectric  300°K  18204 

18204 


magnetoelectric 
at  110  kOe 


2,  4,  and  9763 
77°K 


deHaas-vanAlphen  1.4-4.2°K  11903 

oscillations  to 
190  k6 


3  Single  crystal 
n ,  cm”  type 


1.5x10" 

1.3x10, 

3.8x10 

1.7x10? 

2.1x10, 

3.5x10 


n,  I -compensated 

n 

n 
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j  EFFECTIVE  MASS 

Symbol  Value 

| 

Sample 

Test  Measurement  Temperature  Rof. 

i  'Si  0,93 

I 

single  crystal,  n-type, 
iodina  and  tellurium-doped 

thermal  emf  300°K  2624 

lip  0.46 

i 

single  crystal,  p-type, 
bismuth  and  lead -doped 

2624 

0.511  single  crystal.  Hall 

"S  n  ■  6xl0^a/cc 

P 


0.511  single  crystal,  p-typs,  Hall 

n  «  3x1018/cc 


280°K  9763 


77°K  3207 


"ds 

0.055 

(lower 

conduction 

band) 

single  crystal,  n-type 

Te -doped ,  r.  =  2.4x10 *7/cc 

thermal  emf 

4.2°K 

14854 

■ds 

■  density  of  states  effective  mss 

"n 

1.07 

single  crystal,  p-type,  ig 

nor— 1  to  c-axis,  n  *  1.4x10  /cc 

electrical  &  100 

ther—  1  emf 

-700°K 

407 

"p 

1.26 

4  kG  field 

407 

"p 

1.46 

polycrystalline ,  p-type, 
n  ■  4xl019/cc 

Hall  coefficient 
and  specific  heat 

2°K 

7764 

These  excessively  high  effective  mss  values  are  due  In  part  to  channeling  In 
•  polycrystalline  sample,  but  even  more  to  neglect  of  the  anisotropy  factor  in 
the  electro— gnetlc  — aeure— nts .  The  present  interpretation  of  a  six-valley 
bead  structure  would  reduce  these  high  values  by  a  factor  of  3  with  the  intro¬ 
duction  of  the  tensor  cosponents. 


O 
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BISMUTH  SELEHIDE 
EFFECTIVE  MASS 

Symbol  Value  Saatplo  Toot  Measurement  Temperature  Ref. 


m 

n 

0.18 

polycrystal line 

Hall 

?00°K 

2473 

"n 

0.18 

polycrystalline,  n-tyne, 
n  «  6.7X101-7  and  3xl0^®/cc 

thermal  emf 

100°K 

21372 

"<n 

0.16 

polycrystalline ,  n-type. 
n  ■  4.2xl018  and  5.4xl0^®/cc 

thermal  emf 

100°K 

21372 

m 

*  0.4  (calc. ) 

macrocrystalline,  n-type, 
n  ■  lO^Vcc 

electrical 

300°  K 

2538 

Vl 

0.33 

single  crystal,  n-type 
(0001)  cleavage  plans 

magnetos lectr i c 

90°K 

3350 

m3/ml 

4.2 

1 

“l:B2!m3 


■j/«2  1.21  sJ 

•3/a2  0.093 

«^:a2>a3  (1.0:0.83: .077) 


Bi2T«3 


single  crystal i  n-type 


magnetoelectric  77°K  2360 


80%  Bi2Ta3-20%  BijSSg 

polycrys tall ins , 
n  »  3x1019/cc 


thermal  emf  77-630frK  14600 


macrocrystalline ,  n-typ«, 
I-dopad 


thermal  *mf 


300°K  2530 
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BISMUTH  TELLURIDE-BISMUTH  SELENIDE  (Bi2T«3_xS*x ) 


EFFECTIVE  MASS 


m  f° 

S 


o 

<£  *J 

)4l 


a  I _ I _ 1 _ 1 _ 1 - 1 0 

BifTkjte  $0  40  20 

Composition  (at.%) 


Effective  mss  as  a  function  of  composition  for  macrocrystalline , 
iodine-doped  samples  in  the  Bi2Te3-Bi2Se3  system  at  300°K.  Figure 
of  writ  measurements  for  same  samples  are  shown. 


t  Usual  figure  of  merit  is  defined  as  — 


[Ref.  2538] 
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*  f,n». 


BISMUTH  TELLUR IDE-BISHUTH  SELENIDE 
ELECTRICAL  CONDUCTIVITY  (o) 

[Additional  conductivity  curves  will  bs  found  in  THERMOELECTRIC  PROPERTIES  Section] 


•  Temperature  dapandanca  of  the  electrical  & 

conductivity  of  stoichiometric  Bi^Se.  in  £  jy 
the  solid  and  liquid  states.  £  } 

it  ji 

O  ^ 

°  6  u 


Temperature  (°C) 


[Ref.  3528] 


Both  solid  and  liquid  BijTe3  and  BijSe3  are  seal conductors,  but  on  fusion  they  show 
metallic  type  conductivity. 

t  ■  melting  point 


*  a, 


Temperature  (°C) 


Temperature  dependence  of  the  electrical 
conductivity  of  stoichiometric  BI2Te3  in 
the  solid  and  liquid  states.  ^ 

[Raf.  0528] 
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BISMUTH  TELLUR IDE 
ELECTRICAL  CONDUCTIVITY 


Temperature  dependence  of 
electrical  conductivity  as  a 
function  of  temperature  for 
single  crystal,  n-type  Bi  T«3> 
n  ^  10^^/cc  for  three  similar 
samples.  Conductivity  normal 
to  (0001)  ia  about  0.1  of  the 
parallel  conductivity. 

-  parallel  to  cleavage  plane 

(0001) 

norseal  to  cleavage  plane 
(0001) 


e 

U 


V  >> 

V  -H  | 

> 

*r4  m 

in 

si! 

O 

u 


j 


[Ref.  631] 


°K 


Electrical  conductivity  as  a  function  of 
reciprocal  temperature  for  single  crystal, 
p>type  BijTe-j  cut  on  the  (0001)  cleavage 
plane. 

c  Stoichiometric  BijTe3,  n  =  1.4xl01S/cc. 
Purified  Bl  and  Ye  were  used. 


[Ref.  407] 


26 


AS  rag£S  iuiiSiAL5  LAvuiATPii 

ftESCANCH  AND  TtCMNOLOOY  DIVISION 
AIR  FORC1  I  YITIMl  COMMAND 


f 

JJ 

■mo 

R  US©TP»[M0© 
P  [^©PIMIPinFOBiB 

C  HD^QTH^ 


prepared  ar  iLicmoNic  propertied  information  center  •  huoheb  aircraft  company,  culver  city.  California 


BISMUTH  TELLURIDE 


ELECTRICAL  CONDUCTIVITY 


Conductivity  and  conductivity  ratio  of  two  types  of  single  crystal  BijTe-  as  a 
function  of  temperature.  Measurements  are  taken  parallel  and  normal  to  tOOOl).  The 
xaro  slope  of  the  conductivity  ratio  in  the  undoped  sample  indicates  a  multiple  carrier 
and  lattice  scattering  mechanism  at  300-700°K,  whereas,  the  0.2f  slope  in  the  iodine- 
doped  sample  from  100-300°K  indicates  anisotropy  due  to  a  single  carrier  and  multiple 
scattering  mechanise. 

[Ref.  19827] 
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PRCPARKD  mr  KLVCTRONIC  PRCPtRTICR  INFORMATION  CCNTCR  •  HUDHII  AIRCRAFT  COMPANY.  CULVIR  CITY.  CALIFORNIA 


BISMUTH  SELENIDE 
ELECTRICAL  CONDUCTIVITY 


900  400  500  600 

Temperature  (°K) 


Electrical  conductivity  as  a  function  of  temperature  for  Bi^Seg  n~type, 
single  crystals  parallel  to  their  cleavage  plane,  (0001).  Carrier 
concentrations  are  not  specified  for  individual  samples,  n  *v  2x10*9/00 , 
Conductivity  normal  to  the  cleavage  plane  is  about  60  (ohs»-cm)~l  at  300°K 
or  approximately  3%  of  the  parallel  conductivity. 
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BISMUTH  TELLUR IDE-BISMUTH  SELENIDE  <B12T,e3.xSex) 
ELECTRICAL  CONDUCTIVITY 


Electrical  conductivity  as  a 
function  of  composition  in  silver 
iodide -doped,  n-type,  polycrystal¬ 
line  samples  of  the  Bi2Te3-Bi2Se3 
system  at  300°K.  The  mixed  crystals 
are  homogeneous  throughout, 
according  to  x-ray  investigation, 
which  shows  a  continuous  decrease 
in  the  lattice  constants  with 
increase  in  selsnium  content. 


£ 


>- 

p 


■8 


[Ref.  3867] 


Electrical  conductivity  as  a  function 
of  composition  for  macrocrystalline 
samples  of  Bi_Te.  Se  ,  undoped,  at 
300°K.  2  3'X  * 
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BISMUTH  TELLURIDE-BISMUTH  SELENIDE  (Bi„Te,  S«  ) 

2  3-X  X 


ELECTRICAL  CONDUCTIVITY 


Temperature  (°K> 


*h  Temperature  (°K) 


O 


Electrical  conductivity  as  a  function  of 
reciprocal  temperature  for  three  compositions 
all  with  low  carrier  concentrations  which 
are  obtained  by  compensation.  Samples  are 
single  crystal,  n-,  and  p-type.  A)  Bi,Te3; 

B)  90%  Bi2Te3-10%  Bl2Se3:  and  C) 

Bi2Te3Se. 

Curves  are  identified  by  sample  numbers, 
however,  no  definite  specifications  are 
given. 
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[Ref.  10‘j8M] 
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BISMUTH  TELLURIDE-BISMUTH  SELENIDE  (Bi.Te,  Se  ) 
ELECTRICAL  CONDUCTIVITY 


H/M 


Z,  n-tfM 

5  Mt  /y-"cy 
S  J'' 

I  ?  A/l 

8  |«i.  / 

S  |,»0  / 

a 


H  IS  10  S 


S  to  IS  00  IS 


carrier  concentration  (10"  atoms/cm'') 


Electrical  conductivity  as  a  function  of  free  element  concentration  for 
variously  doped  macrocrystalline  samples  of  80%  Bi^Te^-20%  Bi^Se,.  Silver 
additions  cause  instability;  Ag( 2)  Mas  measured  several  months  after  Ag(l). 


L'Ref.  2538] 
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BISMUTH  TELLUR IDE 


ELECTRICAL  RESISTIVITY  (o) 


Electrical  resistivity  as  a  function  of 
temperature  for  tellurium  doped,  n-type 
BijTOj,  single  crystal. 


n,  era 

A 

2.4x10 

□ 

5.3x10 

A 

3.0x10 

0 

3.4x10 

o 

- 

• 

1.2x10 

V 

6.8x10 

-3 


17 

17 

18 
18 

19 

19 


[Ref.  14854] 


°K 


Resistivity  as  a  function  of  reciprocal 
temperature  for  one  n-type,  and  two 
p-type  specimens  of  Bi^Te^.  The  samples 

are  single  crystal,  n-type  have  excess 
tellurium  or  iodine. 

n  =  8xl01S/cc  at  300°K 
P 

p-type  are  bismuth  or  lead-doped 

n  *  5x10^B/cc  at  300°K. 
n  [Ref.  2624] 
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BISMOTH  TELLUR IDE 


ELECTRICAL  RESISTIVITY 


>» 

4J 

•  H 
> 


Normalized  electrical  resistivity  as  £  h 
a  function  of  pressure  for  two  single  o' 
crystal,  p-type,  Te-doped  Bi^Tfig  *  w 

samples  at  two  temperatures.  Current  ■?  J 
normal  to  the  rotation  axis  and 
parallel  to  (0001). 


O  ~ 
4)  t- 


41  CL. 


T  is  given  temperature 
P  is  pressure 
0  is  zero  pressure 


fRef.  18361 J 


Normalized  electrical  resistivity  as 
a  function  of  pressure  for  sinele 
crystal,  n-type,  Te-doped  Bi^Te^  at 
295°K.  Current  normal  to  rotation  axis, 
parallel  to  (0001).  Carrier  concentra¬ 
tion  is  lowest  for  sample  #1,  and 
highest  for  05. 

f  Ref .  18361] 
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BISMUTH  TELLUR IOC 
ELECTRICAL  RESISTIVITY 


Variation  of  a  normalized  electrical 
resistance  of  Bi^Te^  with  pre-nurc  up 

to  200  000  atm  at  3no°k.  R,„  is 

o  i<  2 

electrical  resistance  at  25  600  kg/cm 
and  is  taken  as  the  initial  resistance. 


t 


[Ref.  160093 


O 


Resistivity  as  a  function  of  reciprocal 
temperature  for  Bi0Te3  single  crystal, 
from  l  to  30  000  atmospheres. 


[Ref.  21112] 
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BISMUTH  TELLUR IDE 

ELECTRICAL  RESISTIVITY 

Effact  of  hydrostatic  pressure  on  the 
normalized  aiactricai  raaistivity  of 
Bi2Ta3  at  300°K. 


c, 

e, 


sample  I ,  p-type 
sampla  II,  p-type 
2  samples,  n-type 


a,  c,  a,  .it  increasing  pressure 
c,  d,  f,  at  decreasing  pressure 

Piezocoeff icient  of  resistivity  for  1 
15xl03  kg/cm2. 

[1/R: AR/AP  »  3.5xlo'S/kg  cm'2]. 


to 


[Ref.  16204] 


3  ? 

Praaaura  x  10  (kg/cra  > 


Normalized  electrical  resistivity  c  F  sinele 
crystal  Bi^Ta^  as  a  function  of  hydrostatic 
pressures  of  20-95  kg/cm2  at  300'5K. 

1,  2:  sample  I,  p-type 
3,  4,  5,  6,  7:  sample  II,  p-type 

8,  9:  2  samples,  n-type 

All  curves  at  increasing  pressure,  except 
la,  at  decreasing  pressur  . 

[Ref.  16204] 


38 


O 


v 


■  [LsovsiscQ^g© 

P  (^©^Sl^TOtl® 

I  G^POIftGVfl^mQiKI 

c  a^Tra^} 


M‘'‘"‘°  ,T  ,l,CT "ON,C  *«<>*«»'■*•  INFORMATION  CIMTSR  .  MUON  10  AIRCRAFT  CDMFAhv  ry!_y( 


BISMUTH  TELLURIDE 


SC. 


tR«f.  16204] 


'tv  Utivlty  and  Hall  mobility  of 
pr*  ised  Bi  Tag  powders  as  a 
function  or  grain  site  at  77°K. 
The  powders  are  p-type , 
n  "v  2x10* 9/cc. 

S.C.  is  single  crystal 

P.C.  Is  polycrystallina 

r  grain  boundary  area 
grain  boundary  volume 

CRaf.  8758] 
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BISMUTH  SELENIDE 
ELECTRICAL  RESISTIVITY 


Electrical  resistivity  as  a  function 
of  reciprocal  temperature  for 
polycrystalline  BiS*. 

*3 

Sample  n,  cm 

9-4  2.0x10^ 

«-5  2.5x10™ 

9-18  2.2xl0ZO 


•  M  9*4 

•  M  9~B 
«  no.  9- 1  fl 

-1 . .-I  _ _ 1  — t _ I _ 1 _ A _ L _ 

l  3  a  8  9  7  5 5 10 

1 /Temperature  (103  °K_i) 

[Ref.  3097 J 


800  830  186  128  100  *K 


—  n 

l  * 

O 

w 

ir  * 

•H 

> 


t  •-  / 

3  4"  • 


•  «- 13  « 

•  «- IS  A 

•  8-25- 

•  8-28 x 


Electrical  resistivity  as  a  function 
of  reciprocal  temperature  for  single 
crystal  Bi^Sej,  (0001)  cleavage  plane 

-3 

Sample  n ,  cm 

6-13,  parallel  3.3x10^ 


6-13.  normal 


6-25,  normal 


2.5x10 


6-25,  parallel  2.30x10 


1.82x10 

[Ref.  3097] 
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1 /Tempera tune  (103  or'1) 


BISMUTH  5ELENICE 
ELECTRICAL  RESISTIVITY 


Electrical  resistivity  of  BiSe  alloys 
as  a  function  of  Sa  content  at  300° K. 
The  alloys  were  macrocrystalline.  A 
high  purity  grade  of  selenium  was  used 
with  two  commercial  grades  of  bismuth. 
The  Cerro  bismuth  was  purer  than  the 
U. S.S.  brand,  although  the  latter  was 
purified  before  use. 


4 

•w' 

f. 


? 

t«* 

1 

TslO* 

tit*1 

•H 

► 

•»< 

til* 

jJS 
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liv 
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Weight  (%  Se) 


[Ref.  12851] 


1 /Temperature  (10  3  °K'1) 


Electrical  resistivity  as  a  function  of 
reciprocal  temperature  for  single  crystal 
n-type  Bi_S*3 ,  parallsl  (0001).  Tempsra- 
ture  in  °C  is  also  givsn. 

[Rsf *  7839] 
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BISMUTH  SELENIOE 


ELECTRICAL  RESISTIVITY 
-3 

-  "  CM 


08 
25 
0 

3- 6  2.1 

4  22.0 

4- 3  52 

4-5  16 

4-8  1200 

4-30 


6-13  3.3 

2.5 

6-14  0.598 

6-14-1  0.74 

6-25  2.30 


7 

7- 5 

8- 3 
10-28 
.10-29 


remarks 


zona  malt 


?  I 

I  io-* 

o  a 

single  crystal  C* 

single  crystal  £  * 

•H 

para '.lei  -5  4 

norr^l  n 


parallel , 

single  CiySiOA 

normal 

0.077%  In- doped  I0“* 

1.2%  In-doped  a 

0.01%  Cu-dop'H  8 

0.1%  Cu-doped 


1000  900  339  230  200  166  143  129  III  100 


I  I  !  I  I 


10-29 

*10—28 


01  2  34  5678  9  10 

1 /Temperature  (10J  CK~A) 


Electrical  resistivity  as  a  function  of  reciprocal  temperature  in  single  and 
polyeryttaillne 

[Ref.  3097] 
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BISSUTH  TELLUR1DE 
ELECTRON  PHOTOEMISSION 


Electron  photoemission  yield  as  a  function  of  photon  energy  for 
freshly  cleaved  single  crystal  BijTeg,  (COOIj.  at  300°K  and  fields 
up  to  **>  5  volts. 


[Ref.  493] 
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BISMUTH  TELLUR IDE 


ENERGY  BANOS 


Effect  of  pressure  on  energy  gap  for 
p-type,  single  crystal  b-2Te3,  (0001). 

a)  Measured  by  the  hydrostatic  method; 

b)  data  from  [Ref.  211121.  Although 
the  slope  remains  fairly  constant  the 
absolute  values  vary,  due  possibly,  to 
deformation  during  experiment. 

Sample  1  and  2  are  cut  from  one  single 
crystal,  3,  4,  and  7  from  another  single 
crystal . 


Pressure  (kbar) 


[Ref.  1620*0 


Shift  in  energy  gap  vith  pressure  in  n-type, 
single  crystal  BijTeg,  n  10^7/cc.  At 
1  atm.  measurements  were  made  from  199-393°K. 
At  higher  pressures,  300°K  was  the  lower 
temperature  limit. 


[Ref.  21112] 
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BISMUTH  TELLUR IDE- BISMUTH  SELEMIDE  (Bi.Te.  So  ) 

c  J~x  x 

ENERGY  BANDS 


TA  and  I'D  are  degenerate.  Five  bands  nearly 
horizontal  across  the  rz  direction  are  assumed. 
They  show  small  energy  differences  at  F  and 
Tg ( )  characterizes  the  Tj.  states  arising  frcsm 
nondegenerate  states  of  the  single  group. 

The  scheme  explains  the  occurrence  of  the 
satellite  peaks  in  the  reflectivity  spectra 
of  the  alloys  as  the  energy  distance  of  a 
certain  gap  at  r  and  Z  increases  and  resolution 
in  the  spectra  becomes  possible. 

Derived  from  reflectivity  data  at  77-300°K 
on  single  crystal  Bi  Te_,  Bi2Se3  and  poly- 
crystalline  alloys  of  these  two  compounds 
in  varying  proportions. 


OOQKnO)  <000>  <iil> 

[Ref.  22468] 


"In  BijTe 
compress* 
crystal . " 


a 


the  ,aur  faces  of  constant  energy  are  almost  spheroidal  and  are  highly 
in  a  direction  nearly  parallel  to  the  three-fold  axis  of  rotation  of  the 

[Ref.  2360] 


"In  BijSej  the  surfaces  of  constant  energy  are  ellipsoidal  and  are  compressed  in  the 
x-direction  and  extended  nearly  parallel  to  the  three-fold  axis  of  rotation." 

[Ref.  3350] 
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BISMUTH  TELLUR IDE-B1SMUTH  SELENIDE  (BI2T*3j<Sex) 
ENERGY  BANDS 


««»Ru<*tvltj  tare 


4**or  level 

Mn*» 

ctaRvcKvity  B«rR 


77777777777 

/  /  /  *•*•"«  tai*i 

LUllLLL 


If  a  few  donors  are  present  over  the  narrow  conductivity 
band,  then  weak  n-type  conductivity  occurs  at  low  temperatures. 

As  the  temperature  rises,  transitions  take  place  from  the  valence 
to  the  narrow  conduction  band.  As  the  narrow  band  is  filled, 
the  conductivity  increases .  As  a  consequence  of  the  temperature 
dependence  of  the  mobility,  there  is  a  conductivity  decrease 
until  intrinsic  conductivity  begins,  i.e.,  until  there  is  a 
transition  of  slsctrons  Into  the  main  conductivity  band. 

Because  of  the  higher  mobility  in  this  band,  thera  ensues 
the  second  sign  change  in  the  Hall  field  and  the  thermal  emf . 
Since  the  energy  gap  is  smaller  for  the  telluride  than  the 
mixed  telluride-selenide ,  the  narrow  band  for  the  bismuth 
tslluridfs  possibly  lias  nearer  the  conductivity  band,  with  the 
result  that  the  saturation  effect  in  the  electrical  conductivity 
la  covered  by  the  intrinsic  condu<- civity . 


[Ref.  10384] 
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BISMUTH  TELLUR IDE 


ENERGY  GAP  (Eg) 


Value ( eV ) 

Sample 

Test  Measurement 

Temperature 

Ref. 

0.16 

■Ingle  and  macrocrystalline, 
intrinsic  (iodine  compensated) 

electrical 

conductivity 

0°K 

2595 

0.171 

single  crystal,  n-type,  n  •v  1017/cc 

electrical 
resistivity, 
atm.,  199-393°K 

0°K 

30  000 

21112 

0.21 

single  crystal,  p-type,  cleavage 
normal  to  c-axis  (0001) 

n  »  1.4x10  ,'cc 

P 

electrical 

0°K 

407 

0.16* 

single  crystal,  highly  purified 

optical 

77°K 

2866 

0.18 

single  crystal ,  less  pure 

tt 

M 

2866 

Q.20 

single  crystal ,  cieavdee  plant  ( 0001 ; 
n-type,  n  *  3  and  9x10^ /cc , 
p-type,  n  »  3  and  4xl018 
cone  refined,  p-type,  n  »  2xl9i 

electrical 

77-375°K 

SOI 

0.13 

single  crystal,  p-type,  intrinsic, 
parallel  (0001) 

optical , 

\  *  8-14y 

300°K 

3124 

0.14 

single  crystal,  p-type,  (0001) 
n  •  SxlO^/cc 

electrical 

conductivity 

300°K 

10535 

0.1S* 

single  crystal,  highly  purified 

optical 

300°K 

2366 

* 

value 

for  purest  Material 

SO 


•  —  "  -  Y 
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BISMUTH  SELEN1DE 
ENERGY  GAP  (Eg) 


Value  («V) 

Sample 

Test  Measurement 

Temperature 

Ref. 

0.275 

polycry s tal line 

IR  transmission 

300oK 

2785 

0.35 

singl*  crystal 

IR  optical  and 
transition 

300°  K 

2866 

0.40 

II 

*1 

7?CK 

2866 

0.36 

aingla  crystal,  n-type,  parallel 
(0001),  fi300K  ■  5xl0^7/cc 

electrical 

>  750°K 

7839 

C.  23 

pol ycry stall ine ,  n-type 

elec,  resist. 

0°K 

3097 

0.2 

11 

optical  afcn.  at 

l-8u 

0.4 

II 

elec,  resist. 

3097 

BISMUTH  TELMJRIDE-BISMUTH  SELENIDE  (Bi,T*„  Se  ) 

i  3-x  x, 

ENERGY  GAP  (Eg) 


aingla  crystal,  doped  or 
cosqi&nsated,  0  ‘  x  <  1, 


Thanes!  <*V) 

Optical 

(aV)  (low  conductivity) 

0.16 

0.1S 

*V*3 

9l«ctric6l 

i 

300°  K 

10984 

0.22 

0.20 

MiT,2.7S,0.J 

i 

0.39 

0.30 

BijTWjSe 

10984 
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Energy  gap  as  a  function  of  composition 
for  single  crystal  sample.  Data  taken 
by  electrical  resistivity  measuremt nt s  , 
parallel  to  (0001). 

•  Miller  et  al.  (thermal )  [P.ef.  15551] 

6  Smith  et  al.  (themtal)  [Ref.  7839] 

o  Black  et  al.  (optical)  [Ref.  2666] 

a  Austin  ant*  Sheard  (optical) 

TRef.  2785] 


[Kef.  15551] 
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BXSH!'T:i  TELLURIDE-BISMUTH  SELENIDE  ( Bi„Te,  Se  ) 

2  3-x  x 

ENEhGY  gap 
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IN  FORMULA  J.O 


Energy  gap  as  a  function  of  composition  for  Bi  Te  -Bi  Se„. 

t  J  t  O 

Samples  wore  polycrystalline  and  purified.  A  single  hexagonal 
phase  was  shown  with  slight  point-to-point  inhomogeneity  in  samples 
with  over  16  at.%  of  selenium. 


[Ref.  2785] 
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BISMUTH  TELLURIDE 
ENERGY  LEVELS 
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Symbol 

Value  (eV)  Dopant 

. deformation  for 

Sample 

lest  Method 

Temperaturs  Ref. 

E 

TP 

O.^-O.?  Ei  vacancies 

and 

single  crystal, 
p-tyoe 

elec,  resist. 

300°K  5890 

E 

m 

1.09-1.1  Te  vacancies 

II 

" 

"  5890 

Em  is  an  activation  energy  for  vacancy  motion  arising  from  plastic  deformation  which 
introduces  defects  that  change  p-type  material  to  n-typc. 

Oxyger.  and  copper  act  as  donors. 


'0,«  Ge  macrocrystalline,  electrical  300°K  15813 

normal  (0001),  conductivity 

n  -  2xl0ig/cc 


Stoichiometric  Bi,Te„  is  always  p-type,  but  excess  Te  or  halogens  change  it  tc  n-tvpe. 

w 

The  very  high  diffusion  rate  of  copper  in  Bi_Te_  produces  an  r.-type  material . 


Iodine  acts  as  a  donor  in  Bi^Te^.  Tin  apparently  is  associated  with  a  trapping  level 
at  0.01  eV  as  is  seen  from  Hall  measurements  between  77°  and  ?00°K,  8730 
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BISMUTH  SLLENIDK 
LnLRGY  LtVELS 


Symbol  Value  (cV) 


0.09 


CB 


Sample 


single  crystal,  n-type, 
parallel  (0001), 

n30GK  =  5x1°17/cc 


Test  Method  Temperature  Ret . 

resistivity  125-3S0°K  7839 

and  Hall 


,19. 


0.01%  Bi;03  added  to  Bi0Te?  4SeQ  &  polycrystalline,  u-tvpe  ,  n  ^  10  /cc,  causes  a  90% 
decrease  in  conductivity,  but  no  change  in  thermal  emf .  Further  addition  has  no 
effect  on  conduction.  4382 
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BISMUTH  TELLUKIDE-B1SMUTH  SLLENIDE  (BI2Te3_xS«x ) 
ENERGY  LEVELS 
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JO 

50 

29 
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60 
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0  248 
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90 
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25 

—  66 

FI 

3  3 

0  086 

515 

0  241 

0  155 

0 

100 

18 

-55  5 

A 
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0 
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3  0 

0  078 
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The  Fermi  level  and  energy  gap  values  in  this  table,  are  derived  from 
reflectivity  data  for  a  series  of  single  crystal  members  of  the  bismuth 
tolluride-bismuth  selenide  system.  Measurements  are  made  at  0.1  to  1?  eV 
and  30C°K.  Incident  light  is  both  normal  and  parallel  to  the  (0001) 
cleavage  plane. 


a  is  the  thermoelectric  emf 

is  the  reduced  Fermi  level  and  is  determined 
from  thermoelectric  data 

Eg  is  the  energy  gap  deteiminnd  at  the  wavelength 

corresponding  to  an  interband  contribution  of 

K.  s  60C  cm'* 
int 

Ag  is  the  incident  wavelength  in  microns 
The  energy  gap  values  are  also  corrected  for  degeneracy. 
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[Ref.  2246S] 
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BISMUTH  TELLURIDE- BISMUTH  SELENIDE  (  BIjTe^Se^  ) 


ENLRGY  LEVELS 


Electrical  conductivity  as  a  function  of  dopant 
concentration  in  polycrystalline  Ri^Te.  iScq  g- 
The  dopant  is  added  as  either  silver,  loaino  or 
the  silver  iodide;  the  increase  in  conductivity 
is  cumulative.  In  the  case  of  the  leaa ,  leau 
iodide  or  iodine  additions,  the  iodine  produces 
n-type  material,  whereas  the  lead  yields  p-typ>  , 
resulting  in  a  compensating  action  for  the  lead 
iodide. 


e  ooo*  o  ok)  ooii  ooio  oon 
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[Ref.  316] 


Electrical  conductivity  as  a  function  of 
dopant  concentration  in  polycrystalline 

Bl2^e2.1^L0.9‘ 

LRef.  316] 
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BISMUTH  TELLURIDL 


HALL  COEFFICIENT  (Rj{) 

on 


Hall  coefficient  as  a  function  of  reciprocal 
temperature  in  single  crystal,  n-tyoe  bismuth 
telluride.  The  current  and  Hall  voltaic  were 
parallel  to  the  cleavage  plane,  and  the 
.nagnctic  field  was  perpendicular  to  the 
cleavage  plane, 


D-10  3x10*' 

17 

D-5  9x10 


Hall  coefficient  as  a  function  of  reciprocal 
temperature  In  sir.p.le  crystal,  p-type  bismuth 
telluride.  The  current  and  Hall  voltage  were 
parallel  to  the  cleavage  plane  and  the  magnetic 
field  was  perpendicular  to  the  cleavage  plane. 
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Zone  refined  sample 
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[Ref.  801 J 
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BISMUTH  TELLUR IDE 
HALL  COLFFIC JLNT 


IT  V— 
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Hall  coefficient  as  a  function  of  reciprocal 
temperature  for  single  crystal,  n-type  Bi^Tcg, 
Te-doped. 
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[Ref.  148S4] 
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Hall  coefficient  in  stoichiometric  and  0.2% 
excess  samples  as  a  function  of  reciprocal 
temperature  for  p-type,  single  crystals,  cut 
parallel  to  (0001)  cleavage  plane.  Measure¬ 
ments  were  made  at  4  kG.  n  c  1.4xl019/cc. 

[Ref.  40V] 
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BISMUTH  TELLURIDE 
HALL  COEtTICIENT 


0  100  200  SCO 


Temperature  (°K) 

The  Hall  coefficient  as  a  function  of  temperature  for  rone  purified,  p-type ,  single 
crystal  BijTsg.  A)  indicates  the  p231  tensor  component:  B)  indicates  the  p123 
tensor  component,  except  4  which  is  the  transverse  component.  All  samples  cut 
parallel  to  tha  (0001)  cleavage  plane. 

[Ref.  2984] 
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BISMUTH  TELLUR IDE 
HALL  COEFFICIENT 


c 


hall  coefficient  as  a  function  of 
field  for  single  crystal,  p-type 
BijT«3  at  100  KG  and  2  temperaturos . 

Field  is  parallel  or  norma1  to  (0001) 
cleavage  plane. 


Magnetic  field  (0e) 

[Ref.  11903] 
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Angle 


Hall  coefficient  as  a  function  of  angle 
between  field  and  current  at  77°K,  in 
single  crystal,  n-type  Bi^Te3  with  hiRh 
iodine  dopinR,  cut  parallel  to  (0001) 
cleavage  plane. 

+  data  for  field  normal  to  (0001) 
o  data  for  field  parallel  to  (0001). 

[Ref.  1909S] 
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BISMUTH  SELENIDE 


HALL  COEFFICIENT 


Hall  coefficient  as  a  function  of 
reciprocal  temperature  for  single 
crystal  BiSe. 


Sample 


-3 

n,  cm 


2. sxio ; 
2.2x10' 


I  CB4S«T0»K) 


1/Temperature  (103  °K  3) 


fRef.  3097] 


1 /Temperature  (103  °K-1) 


Iiall  coefficient  as  a  function  of 
reciprocal  temperature  in  single  crystal, 
n-type  Bi2Se3. 


Sample 


-3 

n,  cm 


[Ref.  3097] 
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BISMUTH  TELLURIDE-BISMUTH  SELENIDE  (Bi-Te,  Se  ) 

a  o-x  x 


HALL  COEFFICIENT 


Bl/ijiO  20  30  AO  50  60  70  SO  90 


II.V0  20  *  40  50  50  70  80  »0  *t5S 

Atomic  %  Bi2Se3 


Hail  coefficient  as  a  function  of  composition  at  300°K,  in  single 
crystal  Bi^Teg-Bi^Se^  mixed  crystals.  A)  is  undoped,  B)  is  silver 
iodide  doped. 


[Ref.  3867] 
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BISMUTH  TELLURIDE 


IRRADIATION  PROPERTIES 


Hall  coefficient  and  electrical  resistivity 
before  and  after  300-hr  Co^-gamma  radiation 
as  a  function  of  reciprocal  temperature  for 
single  crystal,  n-type  BijTe^,  n  *  10i8/cc. 
In  n-type  samples  the  mobility  reaches 
8500  cm^/V  sec  at  77°K  after  prolonged 
irradiation;  in  p-type,  the  mobility  reaches 
7500. 

A,  o  before  irradiation  and  up  to  200  hours 
irradiation 

A,  •  after  300  hours  irradiation. 
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[Ref.  16462] 


Electrical  zesistivity  as 
a  function  of  temperature 
in  n-type  polycrystalline 
Bi^Te^ ,  irradiated  by  both 

thermal  and  fast  neutrons 
to  an  integrated  thermal  2 
flux  of  1.5xl020  neutrons/cm 
and  1.6xl0^/CJn2  flux  of  fast 
(>  1  meV)  neutrons. 

®  Bi^Teg  irradiated  without 

cadmium  shield 
A  sample  after  annealing 
o  unirradiated  sample 


[Ref.  2737] 
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BISMUTH  TELLURIDE 
IRRADIATION  PROPERTIES 


Temperature  ( °C ) 


c 


Electrical  resistivity  as  a  function  of  temperature  for  p-type  polycrystalline 
bismuth  telluride,  irradiated  at  about  33°K  by  both  thermal  and  fast  (>  1  meV) 
neutrons.  Total  flux  1.5x10^0  thermal  neutrons/cm^  and  1.6x10^^  fast  (>  1  meV) 
neutrons/cm2. 

e  un irradiated 

A  o  run  1,  cadmium  shielded 

A  run  2,  cadmium  shielded 

e  p-type ,  unirradiated 

B  o  p-type,  irradiated  without  cadmium  shield 

+,  A  p-type,  irradiated  after  annealing 

CRef.  2737] 
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BISMUTH  TELLUR IDE 
IRKADIATTOh  PPOPLimIES 


Comparison  of  Seebeck  coefficients  as  a  function  of  teuperature  in  p-,  and 
n-type,  pclycrystaliine  bismuth  telluride  samples  unirradiated  and  irradiated 
without  the  cadmium  shield,  but  subsequently  annealed  by  slow  step-wise 
heating  to  ^  400°C . 

•  p-type  unirradiated  sample 

+  p-type  irradiated  unshielded  sample  after  annealing 
.  *  •  n-type  sample  uuirradiated 

1  ♦  n-tyj  e  irradiated  unshielded  sample  after  annealing 

[Ref.  2737] 
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BieM'JTi:  TF  LLUKIDE  and  BISMUTH  SELENIDE 


MAGNETIC  SUSCEPTIBILITY  (y) 


Symbol  Value  (cm  /g)  Material 


Sample 


Temperature  Ref. 


-0.402x10 


-0.410x10 


BijTeg  polycrystailine ,  p-type  130-500°K  5184 
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100  200  300  400  900  600 


Temperature  (°K) 

Magnetic  susceptibility  as  a  function  of  temperature 
for  polycrystailine ,  n-type  Bi^Sej  and  p-type  BijTeg. 


[Ref.  5184] 
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BISMUTH  TELLURIDE 

MAGNETOELECTRIC  PROPERTIES  Up/p  ) 

o 


Temperature  (°K) 

The  five  strong  magnetoresistance  coefficients  are  shown  as  a  function  of  tempera¬ 
ture  for  single  cryutal,  p-type  Bi2T«3,  parallel  to  (0001)  cleavage  plane. 

1  A 

n  =  8x10  /cc 


[Ref.  298<a] 
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Magnetic  field,  H  (Oe) 

[Ref.  2360 J 


■  Hagnetoelectric  resistance  as  a  function  of 
angle  at  77°K  for  single  crystal,  n-type. 


highly  I -duped  Bi.Te., 


•too  -w  «  o  to  «o  no 

Angle  with  magnetic  field  (°) 


(A)  •  field  normal  to  (0001) 

(D)  o  field  is  parallel  to  (0001) 

[Ref.  19045] 


Hagnetoelectric  resistance  as  a  function  of  {j 
field  at  77°K  for  single  crystal,  n-,  and  to 

p-type  Bi^Ttg,  cut  parallel  to  (0001)  cleavage  '£ 
plane.  Slightly  iodine-doped  samples  deviate  £ 
from  linearity.  « 
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BISMUTH  TELLURIDE 

v 

MAGNETOELECTRIC  PROPERTIES  g  . 

Hagnetoelectric  resistance  coefficients  as  a  ■”  14 

function  of  magnetic  field  at  77°K  for  single  £  u 
crystal,  n-type  Bi?Ta3,  in  (0001)  cleavage  plane. 


Magnetic  field,  H  (kOe) 

[Ref.  3215] 


I  Field  is  parallel  (0001) 
IJ  Field  is  normal  (0001) 


[Ref.  17748] 


BISMUTH  TELLURIDE 
magwetoelectric  PROPERTIES 


Nernst  coefficient  aa  a  function  of  temperature  for  single  crystal,  n-,  and 
p-type  Bi  Te_  for  fields  parallel  and  nornal  to  cleavage  plane,  (0001), 

•  v 

Ax,  Qi  is  the  isothermal  coefficient 

e  o,  Q  is  the  quasi-adiabttic  coefficient 

A 


[Kef.  3360j 


Ettingshausen  coefficient  as  a  function  of 
temperature  in  single  crystal,  n-  or  p-type 
BijTej.  Mtjnetic  field  is  normal  to  (0001) 
cleavage  plane. 

R&  is  p-type 
R9  is  n-type 


7u 


CRef.  3360] 
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BISMUTH  SELENIDE 

MAGNETOELECTRIC  PROPERTIES 

Units 

B 


90 


Ob*.  Calc. 


2.10  x  10*  (ohm“|Xcm) "k  .  *  ,  v~i 

0.45  o  in  (ohm-cm) 


0.Z6  xlO*  (ohm)->(cmKcoul)-'  Q?  (cm/ohm2  coul ) 


0.  2  xl*  (ohm)  ^m'Acou.;-  2  3  ^  coul‘) 


+  0.029  0.012  0.015 
run/'uii  +  0.20  0,17  0.202 
+  0.004  ^.020  0.0486 
<Wfni,  +  0.003  0.047  0.0344 
'mm/'iiw  +  0.050  0.06  0.0590 
+-  ii Aisxi  O.ifia  u.fxxji 
*uuf° IM  -  0.065)  0.17  6.0930 


Experimental  arrangements.  H  the  mag¬ 
netic  field,  /  the  electric  current,  a.  the  three¬ 
fold  axia,  •  the  two  fold  axil.  M  the  axis 
along  the  mirror  plane  and  9  the  rotatory  angle 
of  magnetic  field. 


Experimental  and  calculated  magnetoelectric  coefficients  of  single  crystal, 
n-type  Bi^Se^  at  4.2°K.  Sample  B  data  from  [3350],  Calculated  data  is  deri 
from  an  ellipsoidal  six  valley  model  for  conduction  band  mnima. 


[Kef.  12046] 
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BISMUTH  TELLUR IDE 
MOBILITY  (p) 


P 

"P 


Value 


Symbol 

(cm  /V  sec) 

Temp,  coeff. 

Sample  (single  crystal) 

Temperature 

Ref. 

4600 

19 

n-type,  I-doped,  n  »  2.07x10  /cc 
P77K  =  6.57x10-5  ohm-cm 

77°K 

4487 

wn 

200-1000 

t-2.3 

19 

p-type,  n  «  1.4x10  /cc 

300-140°K 

407 

“n 

"p 

1250 

1.67x10  T  1,68 

330 

n-type 

286°K 

150-300°K 

300°K 

2360 

2360 

“n 

WP 

800 

400 

19 

p-type,  n  *  10  /cc, 

p  *  1.6x10~3  ohm-cm 
♦  » 

300°K 

ii 

2866 

2866 

540 

n-type,  excess  Te  6  I 

n  *  5xl018/cc 
n 

300°K 

2624 

400 

-3 

n,  cm 

p-type,  excess  Bi  6  Pb 
n  =  8xi0l®/cc 

P 

300°K 

2624 

“n 

310 

3x10 17 

n-type 

300°K 

801 

440 

240 

330 

410 

430 

680 


9x10 


17 


2x10 

3x10 

4x10 


19 

18 

18 


p-type 


J 


801 


J 


76 
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BISMUTH  TELLUR IDE 
MOBILITY 


ii 

•♦00 

10 


Value 


Symbol  (cm  /V  sec)  Temp,  coeff. 
v_ 


„-3 


Sample 

single  or  polycrystalline, 
n-type,  parallel  (0001) 

normal  (0001) 

parallel  (0001) 


Temperature  Ref. 

300°K  631 

300°K 

273-560°K  631 


O 


350 

265 

350 

149-18* 


macrocrystalline,  p-type 
( undoped ) 

19 

Agl-doped,  n  =  2-16x10  /cc 
Sn-doped,  n  =  3-33xl019/cc 


*  Hole  mobility  decreases  with  increase  in  Sn-doping 


280 


515 


-1.98 


,  „  ,„e  _-2.3 
1 . 2x10  T 


•v  T 
%  T' 


-1.72 

■1.99 


single  crystal,  p-type, 
C  =  .055  ohm-cm 

n  =  5xiOi^/cc 


single  crystal,  p-type 


single  crystal,  p-type 
n  =  1.9xl0-19/cc 


single  or  polycrystalline 
(0001) 
n-type 
p-type 


300°K  3867 


3867 


300°K  10535 

4-?50“K  10535 


290°K 

77-290°K 


3207 

3207 


140-300°K  407 


150-300°K  2595 


2595 


mm 
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BISMUTH  TELLURIDE 
MOBILITY 

Value 

Symbol  cin  /V  sec  Temp,  coeff, 

„  --1.78 

u  -v  T 


^  1 


-2.12 


Satimle 


Temperature 


polycrystalline,  CuBr  doping  80-600°K 

yields  n-type,  n  =  2-20xlol=/cc 

Pb-doped  yields  p-type,  " 

n  =  7-10xl0^/ce 


Ref. 

1*4525 

14525 


1.8x10  (max) 


single  crystal,  Te-doped 
n  s  9x10^- '/cc 

-2.8 

17 

n  =  2.4x10* 

-2.7 

17 

5 . 3x10* 

-7.2 

1  Q 

3.0x10 

-2.4 

3.4xl018 

,-1.70 

1.7xl019 

-1.31 

19 

6.8x10 

4 . 2°K  14854 

4 .  ?-250°K 


14P54 


Un  is  electron  mobility 
Pp  is  hole  mobility 
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BISMUTH  SELENIDE 
MOBILITY 


Symbol 

2  Value 

cm  /V  aec  Temp,  coeff. 

Samole 

Temperature 

Ref. 

700 

macrocrystalline,  n-type, 
n  ^  101  vcc 

300°K 

2538 

% 

600 

single  crystal,  n-tyne, 
p  -  SxlO'1*  ohm-cm,  n  *  2xl0^^/cc 

300°K 

2866 

u 

300-500 

single  crystal,  n-type,  parallel 
(0001),  n  ■*  2-4x1  oi^/cc,  p  *  .001 

300°K 
.  ohm-cm 

630 

V 

10-20 

normal  (0001),  n  =  2-4xl019/cc 
p  *  .02  ohm-cm 

300°K 

630 

T-5 

T-1*5 

parallel  (0001) 

II 

130-300°K 

300-500°K 

630 

T~3 

II 

>  500°K 

630 

V 

442 

macrocrystalline,  n-type. 

300°K 

3867 

Ag I -doped 


BISMUTH  ^LLUR IDE-BISMUTH  SELENIDE 

75%  Bi„Te  -25%  Bi-Se.  Agl-doped  300°K  21023 

p  22.  film  annealed,  n  -  175xlOi9/cc 

p  *v  10“**  ohm -cm 

20 

0.5  film  not  annealed,  n  *  2.9x10 

p  *v  .01  to  .3  ohm-cm 

150  bulk,  n  «  1019/cc,  p  «  .005  ohm-cm  300°K  21023 


! 
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BISMUTH  TELLUR IDE 
MOBILITY 


Electron  Hall  mobility  as  a  function  of 
temperature  in  tellurium-doped,  single 
crystal,  n-type  bismuth  telluride.  Samples 
designated  by  solid  symbols  are  more 
homogeneous . 


>  IO*i 


-3 

n,  cm 

t 

A 

a 

T7 

2/4xlotI 

5.3x10, 

3.0X10,° 

3.4xl018 

r— » 
•H 

JQ 

£ 

A 

0 

C 

£ 

o 

• 

1  y 

i.»ioj! 

6.8x10^ 

Si 

« 

#— t 

M 

Temperature  (°K) 

[Ref.  14854] 


Electron  mobility  as  a  function  of  temperature 
in  single  crystal,  n-type  Bi^Te^,  cut  parallel 
to  (0001)  cleavage  plane.  n_„w  =  4.8xl018/cc. 


V  =  1.67xl07  T"1'68  (from  1 50-300° K) 
n 


tw*  (iio  (*•*)  (aO  P»0  '''•log  Temperature  (°K) 

Tesroerature  (°K) 


[Ref.  2360] 


AIR  FORCE  MATERIAL  LABORATORY 

riiiarch  and  ticnnoloov  Division 
AIM  FOACI  IYITXMI  COMMAND 


■  [L!S©TP3(S)[^0(S 

P 

C 


Ml^AdlD  SV  ILICTHONIC  PPOP*«TI*»  I  N  FORM  AT  I  ON  CtNTIR  .  HliOHlI  AIRCRAFT  COMPANY  CUlVIR  CITY.  CALl.'SSNIi 


BISMUTH  TELLURIDE 
MOBILITY 


Hail  mobility  as  a  function  of  temperature  in 
n-typa,  single  crystal  bismuth  telluride.  The 
Hall  coefficient  was  measured  with  the  current 
parallel  to  cleavage  plane  and  magnetic  field 
perpendicular  to  cleavage  plane.  The  resistivity 
was  measured  parallel  to  the  cleavage  plane. 


O 


O 


C”ef .  801] 


Hall  mobility  as  a  function  of  temperature  for 
p-type,  single  crystal  bismuth  telluride.  The 
Hall  coefficient  was  measured  with  the  current 
parallel  to  the  cleavage  plane  and  the  magnetic 
field  perpendicular  to  the  cleavage  plane.  The 
resistivity  was  measured  parallel  to  the  cleavage 
plane  (0001).  D-7  was  very  inhomogeneous. 

[Ref.  801] 
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BISMUTH  SELENIDL 
MOBILITY 


Temperature  (°K) 


Mobility  as  a  function  of  log  temperature  in  polycrystalline  Bi^Te3.  n-Type 
is  CuBr-doped,  p-type  is  Pb-doped. 

-  experimental 

-  calculated  to  include  impurity  scattering 


1)  2.5x10** 

2)  5. 2x101' q 

3)  7.8x10,* 

4) 12.3x10,* 

5) 20.4x10 


U  /  ^  .  YBiU  - 

7)  3.4x10,* 

8)  4.4x10,* 

9)  6.0x10,* 
10)10.0x10 


[Ref.  14525) 
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BISMUTH  TELLUR IDE 


MOBILITY 


log  Carrier  concentration 

Mobility  as  a  function  of  carrier  concentration  at  300°K  for  polycrystalline  Bi?Te3, 
n  >  10i9/cc.  Calculated  curve  Includes  impurity  scattering;  measured  values  of 
mobility  are  points  on  curve. 

[Ref.  14525] 


VALUE 

PC 

VALUE 


Hole  mobility  of  pressed  Bi?Te3 

powders  as  a  function  of  particle 
site  at  77°K. 

S.C.  is  single  crystal  value 
P.C.  is  polycrystalline  value. 

[Ref.  8758] 


Particle  sisa  (microns) 


BISMUTH  TELLURIC  and  BISMUTH  SELENIDE 
MOBILITY 


log  Carrier  concentration  (cm3) 

Bismuth  Tellurlde  Bismuth  Selenitic 


Mobility  as  a  function  of  carrier  concentration  in  polycrystalline , 
hot-pressed  bismuth  telluride  and  bismuth  selenide,  both  n-type,  at 
300°K. 

[Ref.  14675] 
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BISMUTH  SELENILL 


MOBILITY 


Electron  mobility  as  a  function  of 
temperature  in  aingla  crystal,  n-tyya 
Bi^SOj,  measured  parallel  (0001) 

cleavage  plana.  Individual  sample 
spacif Icatiom  ara  not  given,  only 
a  range  of  alx  samples  at  300°K. 

n  «  2-«<x1019/cc. 

a)  Electrical  conductivity  at  300°K 
ranges  from  2000-3000  (ohm-cm)  * . 

a  Thia  sample  has  conductivity  of 
I0C0  (oh»-cm)‘*. 

b)  Electrical  conductivity  at  300°K  is 
'v  2000  ohm-cm. 

—  U  -  wc  T~3. 


**4 


[Ref.  630] 


Electron  mobility  as  a  function  of 
carrier  concentration  in  single  crystal, 
n-type  Bi?Sa3  at  300°K. 

[Ref.  630] 
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BISMUTH  SELXNIDE 


MOBILITY 


I  ?  4  6  8  10  *200  400  800  800 


1 /Temperature  (1O0  °K-1) 


Hall  mobility  as  a  function  of  reciprocal  temperature  for  ainulc  crystal, 
n-type  B^Se^. 


Sample  Ho. 


p  (ohm-cm) 


-3 

cm 


9  5 

e  6-13  normal 
®  6-13  parallel 

•  6-1*4 

•  6-14-1 


5.66x10 
5.98 
25.5 
13.55  , 

14.2  * 


2.44X1018 
2.5 
3.3 
0.598 
.  0.74 


-  U 


"o' 


■1.5 


fRef.  3097] 
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BISMUTH  TELLURIDE-BISMUTH  SELENIDE 


MOBILITY 


Mobility  as  a  function  of  temperature 
for  hot-pressed  polycrystalline,  n-type 
Bi2Te3(80%)-Bi2$e3(20%).  The  solid 
solution  is  highly  homogeneous-  Samples 
are  copper  and  lead  doped. 


-3 


n ,  cm 

1) 

9.6x10 

2) 

5.0x10 

3) 

8 . 0x10 

9) 

3.6x10 

5) 

5.5x10 

19 

19 

19 

20 
20 


[Ref.  1U&75] 


Mobility  as  a  function  of  carrier 
concentration  for  hot -pressed  poly¬ 
crystalline,  n -type,  8t&  Bi^Te^  + 
20%  Bi2Se3,  with  Cu  and  Pb  doping. 


J  ) 

2) 

3) 


Hi 


C  B! 


5x10 

8x10 

1.1x10 


19 

19 

20 


[Ref.  196753 
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BISMUTH  TLLLURIDE-BISMUTH  SELENIDE 
MOBILITY 


Mobility  as  a  function  of  composition  in 
polycrystalline  Bi„Te  -Bi-Se,,  silver  iodide-doped. 

/  *3  S  O  1^0 

Carrier  concentration  tor  the  Bi^Te^  =  2xlGJ"’/oc , 
increases  to  4,  then  5x10^  for  the  5  compounds,  and 
returns  to  4.7xlOi9  for  the  BijSej. 

[Ref.  3867] 
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BISMUTH  TELLURXDE 


niOTOELECTRONIC  PROPERTIES 


Wavelength  (microns) 
i.O  ZJQ  30 


•  ~»ef**<*  OIMlMil 
fc-AM.f  .  *  | 


s  10 

4J  5 
O 

£ 


•  ■  es*s  \  \  I)  \ 

«  wtrai  \  \  I 

X  *0*«  I  '  I 

_L i J._  j.-.  J — i — LI — - u 

To  Fo  30  40 

Wavelength  (microns) 


Photoconductivity  as  a  function  of  wavelength  in  BijTe-j,  p-type  films. 

p  =  1  ohm-cm 

A)  shows  data  taken  at  two  temperatures 

B)  shows  data  taken  before  and  after  oxidation 

Oxygen  impurity  centers  Introduce  a  photoconduct ive  absorption  band 
at  about  0.44  eV,(2.8u). 


[Ref.  21299] 
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BISMUTH  TELLURIDE  and  BISMUTH  SELENIDE 
PIEZOELECTRIC  PROPERTIES  (w) 


11 


Symbol 

Value  (cm'/^vne)  B^2^e3 

Sample  (sinple  crystal) 

Temperature 

Ref. 

*11 

+  87xl0-12 

19 

p-type,  n  =  5x10  /cc 

p  =  10^2/cc 

300°K 

16429 

*b3  *  *31 

-1? 

-40x10 

II 

•  1 

16429 

TT 


33 


"ll 


+  118x10 
+  115 
+  90 


Bi2Se3 


-2  to  -5x10 


-12 


n-type 


300°K 


n-type,  o 


3300  (ohm-cm) 


78-300°K 


5642 


5P“? 


is  measured  parallel  to  (0O01) 
b33  and  Wg,  are  measured  normal  to  (0001) 


See  page  38  for  additional  information  on  piezocoefficient  of  resistivity 
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BISMUTH  TELLUR IDE  and  BISMUTH  SELENIDE 
PIEZOELECTRIC  PROPERTIES 


1/Temperature  (103 4  °K_1) 

[Ref.  5842] 


Temperature  dependence  of  the  piezoresistance 
coefficient  of  single  crystal,  n-type 
Bi2Te3.  The  lritial  conductivity  is  given 
in  ( ohm-on  )_i.  All  measurements  are 
parallel  to  ( 0001 ) . 

1)  340  (ohm-ca)”* 

2)  720 

3)  3500  “ 

4)  is  n-type,  single  crystal  Bi2Se3, 

a  »  3300  (ohm-cm)"1 2 


1 /Temperature  (103  °K-1) 


[Ref.  5842] 
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BISMUTH  TELLUR I DC 
PIEZOELECTRIC  PROPERTIES 


The  pl**pr*?i3t»nc9  coefficient  t,, ,  ir.  the  Elide  plans ,  as  a 

1a 

function  of  reciprocal  temperature  for  three,  single  crystal, 
p-type  Bi2Te3  sample* . 


1)  o  »  170 (ohm-cm) 

2)  "  480  " 

3)  "  990 


w  *  6p/o  *1  ,  p  •  resistivity  in  (0001),  x  *  mechanical  stress 
X 


o 


[Ref.  30041 
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BISMUTH  TELLUR IDE 
REFLECTION  COEFFICIENT 


Photon  enerpy  ( eV ) 


"WgyAiAfifrth  ^icrcns ) 


Reflectivity  as  a  function  of  wavelength  for  variously 
doped  3ingle  crystal,  n-type  Bi  Te,,  at  78°K  and  parallel 
(0001)  plane. 

n  at  293°K 

1)  9.5xl0*®/cc 

2)  2 . 8x107,! 

3)  6.8x10“ 

5)  1.4x10 

Increase  in  carrier  concentration  displaces  reflectivity 
minima  towards  shorter  wavelength. 

[Ref.  10221] 
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BISMUTH  TELLUR IDE  Photon  onorgy  («V) 
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BISMUTH  TELLUR IDE- BISMUTH  SELENIDE  ( Bi  Te,  S#w )  Wavelength  (micron*) 

A  J  *’X  X 


fRef.  2^468] 


Reflection  coefficient  as  a  function  of  photon 
energy  for  single  crystal,  p-type  Bi^TCg  *nc* 

polycrystalline,  p-type  Bi2T*2  85_S*0  15  at  300°K’ 
Radiation  normal  to  (0001)  cleavage  plane  (E^c). 


O 

[Ref.  22468) 
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If 

f 

l_-J 

■me 

■  [L@(ST^©0^100 

p 

I  f^@  [s]  [M]/°TiTD  © 

c  mmrmM 
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BISMUTH  TELLURIDE-BISNUTH  SELENITE  (Bl.Te,  Se  ) 

2  3 -X  X 


Wavelength  (microns) 


REFLECTION  COEFFICIENT 


Raf lection  coefficient  as  a  function  of 
photon  anargy  for  single  crystal,  n-type 
Bi^Sa^  at  300°K.  Radiation  is  normal  to 
(0001)  cleavage  plana,  <Elc>- 


rp.f 

i  j 


mol%  Bi*S«r  in 


E, 

C> 

fit 

fit 

fit 

Ei 

0 

1-7S 

3  23 

4  20 

6  29 

7-34 

*  72 

980 

J 

1  17 

J  JO 

4  30 

6-39 

7  47 

8/9 

981 

10 

195 

4  33 

6  50 

7-63 

8  *7 

ac 

2  14 

3*0 

4  41 

6  60 

7  67 

9  1C 

JO 

2  33 

394 

4  60 

6  97 

*  06 

9  23 

100 

40 

2-2* 

3  79 

390 

4-57 

7- 10 

8  20 

949 

1914 

» 

2-21 

2  75 

3<X- 

4  60 

7  05 

8  16 

945 

40 

2  34 

2-73 

4-02 

4-70 

7  20 

*  30 

94$ 

1924 

TO 

2  33 

J-73 

4  27 

+  74. 

7-20 

S-  IS 

945 

<0 

2  29 

2-73 

4-11 

+13 

7-14 

123 

9  37 

♦0 

2J4 

J-7J 

4- 19 

+15 

7- 11 

1-26 

945 

100 

2- 14 

3-73 

+  24 

4*7 

7'  20 

941 

1916 

Bi^Ts^  and  Bl^Sa^  ara  singla  crystals.  Tha  alloys  are  polycrystalline.  Peaku  for 
2  alloys  ara  shown  graphically  on  thia  page  and  the  preceding  one. 

[Ref.  22468] 
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■isnuth  mumioE 


REFRACTIVE  INDEX  (n) 


Symbol  Value 


Samp  l«t 


Wavelength  Temperature  Ref . 


single  crystal,  n-type  E-14g 

(0001) 


300°  K 


e  «  * 

WftwMft h  (/.) 


Refractive  index  as  a  function  of  wavelength  fer  single  crystal,  n-type  Bi^Te.^, 
iodine-compensated  intrinsic.  Data  taken  on  a  (0001)  cleavage  plane  at 
118°K. 

[Ref.  3124) 

Wavelength  (microns) 


e  t  4  «  •  io  it 

Photon  energy  (eV) 


Refractive  index,  n,  and  extinction 
coefficient,  k ,  as  a  function  of  photon 
energy  in  single  crystal,  p-type  Bi^Te^. 
Radiation  normal  to  cleavage  plane, 

(0001),  E^. 

[Ref.  2246B] 


No  refractive  index  data  available  fur, Bi^Se^. 
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BISMUTH  TELLURIDE 


THERMAL  CONDUCTIVITY  (K) 


Value 

Symbol  ( W/cro  ieg  ) 


o  i ohm-cm) 


Sample  (single  crystal)  Temperature  Ref 


.0316 

.0187 


2700  n-type,  Impurity,  parallel  (0001)  150°K  267 

730  "  "  "  300°K  i 


n-type,  near  intrinsic,  ” 


150°K  * 

300° K  267 


.0268 

.0157 


n-,  and  p-type,  single  crystals  150°K  242 

or  aligned  polycrystalline  300°K  742 


P.-£T« 

.072 


n-type 


»rallel  (0001), 


n-type,  c  =  6.3x10  (ohm-cm) 
for  .09%  iodine-doped 

3  -1 

p-type ,  o  6x10  (ohm-cm) 
for  undoped  material 


p-type ,  p  =  .13x10  ohm-cm  517°K 

p  *  .2xl0~*  (hot-pressed)  ,}28°K 


k  *  total  thermal  conductivity 
k^  ■  electron  thermal  conductivity 
k.  ■  lattice  thermal  conductivity 
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BISMUTH  SELENIDE 
THERMAL  CONDUCTIVITY 


Symbol 

Value 

(W/cm  deg) 

Sample  (single  crystal) 

Temperature 

Ref. 

k 

.0G77 

_3 

p-typa,  p  =  .58x10  ohm-cm 

3?4°K 

2401 

.005? 

.79 

413°K 

.0039 

.98 

511°K 

.0047 

.13x10~2 

428°K 

.0060 

.83x10  (hot -pressed) 

445°K 

2401 

BISMUTH  TELLURIDE-BISMUTH  SELENIDE 


(mH/cm  °K) 

%  Composition 

Conductivity 

k 

k 

• 

kL 

Bi2T-3 

Bi?Se3 

(ohm-cm)'*- 

19.8 

3.3 

16.5 

100 

0 

729 

I 

single 

16.1 

13.1 

2.7 

1.3 

13.4 
ii. e 

95 

90 

5 

10 

591 

n-type 

crystal 

unuupsu 

11.9 

0.9 

11.0 

77.78 

16.67 

206 

| 

12.0 

0.8 

11.2 

80 

20 

15.6 

0.4 

15.2 

66.67 

33.33 

84 

n-  and 

p-type 

14.4 

1.4 

13.0 

50 

50 

315  ! 

13.0 

2.3 

10.7 

40 

60 

513  j 

p-type 

14.5 

3.8 

10.7 

33.33 

66.67 

833  j 

17.5 

5.3 

12.2 

16.67 

77.75 

1182] 

27.0 

8.8 

18.2 

0 

100 

1953  ‘ 

300° K  19825 


19825 


100 
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BISMUTH  TELLUR IDE 
THERMAL  CONDUCT IV ITV 

(Additional  graphs  will  be  found  in  Thermos lsc trie  Properties) 


Total  thermal  conductivity  as  r  function 
of  reciprocal  temperature  for  two  single 
crystal  BljTe^  samples,  together  with 
representative  data  of  Goldsmid  [Ref.  2678]. 

19 

o  single  crystal,  p-type ,  n  »  2x10  /cc 
(zone  refined)  (0001) 

e  n-type,  n  »  3xlOi7/cc  (0001) 

—  lattice  thermal  conductivity  * 

■  elactron  thermal  conductivity 

Type  Sample  [Ref.  2676] 

2  n  near  intrinsic,  p  *  .005  ohm-cm 

4  p  parallel  (0001),  p  *  .002  ohm-cm 


®  C 


[Ref.  601] 


Thermal  cond; crivity  as  a  function  of  temperature 
for  single  crystal  Bi^Te,-. 


Staple  Type  p ,  ohm-cm  Orientation 


i) 

impure 

n 

.001 

parallel  (0001) 

2) 

near 

intrinsic 

n 

.005 

II 

3) 

It 

n 

.005 

II 

4) 

impure 

P 

.002 

If 

5) 

II 

P 

.002 

normal  (0001) 

6) 

tl 

P 

.002 

tl 

[Ref.  2678] 
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PREPARED  »V  ILECTAON 


,C  P"OP«"T'««  INFORMATION  C.NTH  .  HUQHI9  AIRCRAFT  COMRAN, 


BISMUTH  TELLUR IDE 
THERMAL  CONDUCTIVITY 


Lattice  conductivity  of  stoichiometric 
single  crystal,  n-  or  p-type  Bi^Te 

compared  with  data  from  Goldsmid  and 
Ure  for  tellurium-doped  samples . 
Temperature  coefficient  of  lattice 
conductivity  is  given  for  temperatures 
over  100°K. 

■  [Ref.  2421],  150-300°K 

A  [Ref.  801],  77-373°K 


[Ref.  3466] 


Thermal  conductivity  as  a  function  of  electrical 
conductivity  in  Bi^,  at  300°K.  Samples  are 
macrocrystalline,  the  p-type  has  excess  bismuth 
and  the  n-type  is  Cul-doped. 

-  t  eoretical  curves,  calculated  for 

thermal  scattering  (a) 
and  degeneracy  (b) 


Electrical  conductivity  (ohm-cm) 


-1 


[Ref.  7768] 


BISMUTH  TELLUR IDE 
THERMAL  CONDUCTIVITY 


Thermal  conductivity  as  related  to  electrical  conductivity  at  250°K  (A)  and  300°K  (B). 
The  single  crystal,  p-type  samples  were  variously  doped,  the  n-type  are  doDed  with 
iodine  and  chlorine  only.  The  decrease  in  lattice  thermal  conductivity  for  the  n-type 
material  is  due  to  additional  phonon  scattering  by  the  halogen  impurity. 


Electrical  conductivity  x  10  (ohm-cm) 

Thermal  conductivity  as  related  to  electrical  conductivity  at  150°K  (C)  and  200°K  (D). 

[Ref.  2421] 
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BISMUTH  TELLUR IDE- BISMUTH  SE LEM IDE  (Bi.Tt,  So  ) 

2  O -X  X 


THERMAL  CONDUCTIVITY 


Thermal  conductivity  as  a  function 
of  carrier  concentration  for  single 
cry* tel  BijTOj  at  300°K.  The 
•ample*  are  lead-  and  germanium-doped , 
lead  yield*  p-type,  germanium  give* 
n-type. 


rr* 

A  Te' 


IQ  .3 

Carrier  concentration  (10  cm  ) 

[Ref.  161821 


ec 

■S  «« 


•L  N 

s 

*0 

g  * 

u 


Thermal  conductivity  as  a  function  of 
composition  in  the  BijTe3-Bi?Se3  system 
at  300°K.  is  thermal  conductivity. 
k#(  is  electron  thermal  cc ndjetivity. 

All  samples  are  polycrystalline,  at  x  =  1 
type  changes  from  p  to  n. 

[Ref.  19825 j 


*  iB  ,V*3-xS% 


104 


All  FORCE  HATU1ALS  LABOfiATOlY 


NtMlAMCH  AND  TICHNOIOOY  DIVISION 
AIM  I'OMCK  VYITIMI  COMMAND 


E  HJMlgTIsHSIIftDO© 

I  (^Q[^O(^0^ij^T0(Q)[r^ 


PNIMARIO  BY  iLtCTMONlC  FlOFUTiH  INFORMATION  CINTIN  -  HUOHKS  AIRCRAFT  COMPANY.  CULVER  CITY  CALIFORNIA 


BISMUTH  TFLLURIDE-BISMUTH  SELEN1DE  (Bi„T®_  Se  ) 

2  3-x  x 

THERMAL  CONDUCTIVITY 


Lattice  t hemal  conductivity  as  a  function  of 
composition  in  the  Bi^Tag-Bl^Seg  system. 
Samples  are  macrocrystalline,  n-type, 
copper  bromide -doped. 


[Re: .  7768] 


o 


Thermal  conduct ivity  as  a  funct{on  of 
composition  in  tne  Bi  Te.-Bi  Se_  system 

t  O  xv 

at  3003K.  Single  crystal  samples  are 
0.1%  silver  iodide-doped. 

k  *  thermal  conductivity 

k.  s  lattice  thermal  conductivity 
u 

Lack  of  data  between  33  and  50%  Bi^Se-j  masks 
the  anomalous  behaviour  seen  in  [Ref.  7766] 
and  [Ref.  19825]. 
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BISMUTH  TELLURIDE -BISMUTH  SELENIDE  (Bi„Te,  Se  ) 

2  3-x  x 

THERMAL  CONDUCTIVITY 


°K 


0  I  2  S  <*  5  6  7  8  9  10  N  12  13  14  1516 


1/Temperature  (10^  °K  S 


O 


Thermal  conductivity  as  a  function  of  reciprocal  temperature 
for  several  Bi?Te3-Bi2Se3  polycrystalline  alloys. 


a  commercial,  n-type  Bi^Te^ 

A  p-type  Bi2Te3  ♦  1%  Bi2Se3 

o  n-type  Bi?Te3  ♦  5%  Bi?Se3  t  .26%  CuBr 

x  n-type  Bi^Te3  e  10%  Bi^Se^  ♦  .26%  CuBr 

The  electronic  component  of  the  thermal  conductivity  has  been 
subtracted  by  assuming  degenerate  statistics  and  using  the 
Wiedmann -Franz  ratio. 

[Ref.  ?  5503] 
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BISMUTH  TELLUR IDS 
THERMOELECTRIC  PROPERTIES 


Q  (uV/«K) 

a  (ohm -cm )  1 

k  (H/cm  deg) 

Z  (deg  ^ )  Sample  Temperature  Ref 

SI 

6.9xl03 

.072 

single  crystal,  p-type.  77°K  3215 

68 

5.85 

.072 

undoped,  parallel  (0001) 

| 

39 

1.71 

.OSB 

single  crystal ,  n-type 

-7  o' 

6.3 

.066 

with  increasing  1-doping 

-22 

15.2 

.076 

3215 

O 


macrocrystalline 

OopirjR 

Wgt .  %  n  (101  cni  ) 


*280 

5.25x1 

02  .0200 

1.51x10  3  undoped 

(1.23) 

300°  K. 

3867 

♦282 

3.05 

.0215 

0.83 

Agl 

0.01 

- 

♦  13 

3.50 

- 

- 

Agl 

0.03 

- 

-202 

11.50 

.0216 

2.19 

Agl 

0.10 

2.05 

-177 

15.40 

.0230 

2.10 

Agl 

0.15 

2 . 8 

-148 

21.00 

.0248 

1.86 

Agl 

0.20 

3.83 

-73 

53.20 

- 

- 

AgT 

1  =00 

18 . 7 

tISn 

7 , 74 

.  0207 

1.26 

Sn 

0.1 

3.25 

♦  1  or 

8.85 

.0210 

0.47 

Sn 

0.3 

10.35 

♦  55 

10. Od 

** 

Sn 

0.5 

33.4 

3667 

impure 

♦200 

500 

.0175 

1.14x10  single  crystal,  p-type. 

300°K 

2678 

-215 

750 

.019 

2.81 

n-type 

-200 

200 

.024 

2.50 

pure,  n-type 

2678 

All  ■eaaure**nts  parallel  (0001) 

1'"'%  Q  (therae.t  esf);  o  (electrical  conductivity)-,  Z  (figure  of  merit);  K  (thermal 
^  conductivity);  a  (carrier  concentration) 
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BISMUTH  TELLURIDE 


THERMOELECTRIC  PROPERTIES 


Sample 


Q  (max) 

o  (oh»-c*)  *  k  (W/cm  deg) 

^( 300K) 

-3 

n ,  cm 

single 

crystal 

Temperature 

Ref. 

180 

500  .021 

>0 .048 

SxiO10 

BxlO18 

n-tvpe , 
excess  Te 

333°K 

2624 

170 

400 

>0.041 

p-typp, 

excess  Bi 

3  3  3°  K 

210 

300 

or  Pb 

300°K 

2624 

BISMUTH  SELEMIDE 


-100 

2000 

•v  .03 

.66x10' 3  2xl019 

n-type 

300°K 

2866 

-SI 

2000 

23xl018 

eincle 

crystal 

300°K 

2183G 

-41 

RfO 

23xl018 

8^i  .86^r*0 . 148e3 
macrocrystall inc 

300°  K 

21836 

BISMUTH  TELLUR1DE- BISMUTH  SELENIDE 
THERMOELECTRIC  PROPERTIES 


EI2T*3 

Bi,Sus 

Q  (uV/^C) 

o  (ohm-cm)*1 

k  <H/c*  0C) 

Z  (de*1) 

1C01 

0 

♦  212 

729 

.0198 

1.66x10*' 

95 

5 

♦  231 

591 

.0161 

1.96 

90 

10 

♦  273 

290 

.0131 

1.65 

09.33 

16.07 

♦  290 

206 

.0119 

1.40 

00 

20 

♦  204 

180 

.0120 

1.20 

00.67 

33.33 

A,  0 

04 

.0156 

0 

50 

50 

-  220 

315 

.0144 

1.14 

40 

60 

-  100 

513 

.0130 

1.28 

33.33 

66.67 

-  135 

033 

.0145 

1.05 

22.32 

77.70 

-  109 

1182 

.0175 

O.tIC 

0 

100 

-  70 

1953 

.0270 

0.35 

The  above  valuaa  ara  for  mecrocryatallina  samples  at  300°X 
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.0158 

.02 

25 

75 

-  07 

1814 

.0199 

84 

0 
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-  60 

2330 

.0304 

.28 

The 

above  valuaa 

are  for  stacrocrystallina  samples  at  300°K. 
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0 
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-  44 
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The  above  values  are  for  ailver  iotfV  t  ipod  ..  :roc  ratalline  at  30U°K. 
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PREPARED  BY  ELECTRONIC  PROPERTIES  INFORMATION  CENTER  •  HUGHES  AIRCRAFT  COMPANY,  CULVER  CITY.  CALIFORNIA 


BISMUTH  TELLURITE-BISMUTH  SELENIDE 


THERMOELECTRIC  PROPERTIES 


Bi2Te3  Bi2Se3  Q  (vV/°C) 


o  (ohm-era) 


-1 


k  (W/em  °C)  7.  (deg~x)  Temperature  Ref. 


90  10  -  200.1  1245 

-  173.6  1838 

-  125.6  3495 


.0168 

.0228 

.0398 


293. 3°K  19515 

271  °K 

115. 9°K  19515 


The  above  values  are  for  a  single  crystal,  n-type  sample. 
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BISMUTH  TELIA/?  TDE 
THERMOELECTRIC  PROPERTIES 


o 


Electrical  conductivity  and  thermoelectric  amf  as  a  function  of  temperature 
for  Bi^TOj.  Current  flow  parallel  to  cleavage  plane  (0001). 

-  calculated  curve 

-  experimental 


Sample 


IHE* 


M  p 

n  p 

*7  n 

R-3-21  n 


Crystal 

single  crystal 

macrocrystalline,  zone  refined 
■acrocrystalline ,  rone  refined 
macrocrystalline ,  zone  refined 

[Ref.  3223] 
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BISMUTH  TELLUR IDE 


THERMOELECTRIC  PROPERTIES 


Thermal  emf  aa  a  function  of  lead  and 
germanium  concentration  in  macro¬ 
crystalline  Bi^Tag  at  3C0°K. 

-  measurement  taken  immediately  after 

sample  preparation  (Ge-doped) 

—  neasured  about  three  months  after 
sample  preparation 
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Carrier  concentration  (cm' 


[Ref.  15813] 


!  /f\  ••  -  I 

///  ^  a.  o'* 

// /  ]  VllilO** 

JyrK.  V 

Wr-\  \rr 


_pJ_U 

\v*  j 


m  M  MB  SB  Mt 


..•«  I 


«x  | 

«  ! 

XI  I 

>  B* - 

=  I 


i  /: 

e  4^ 


\//y  ' 

^-H 

]/  /l  S..O*  j 


; 


as  m  mb  m»  m 


Temperature  (°K) 


Thermal  emf  as  a  function  of  temperature  for  Pb-,  and  Ge-doped,  p-type,  macro¬ 
crystalline  BijTSj,  normal  to  (0001)  cleavage  plane.  [Ref.  15813] 


BISMUTH  TELLURJDE 
THERMOELECTRIC  PROPERTIES 


( - ;  Tharmal  mf  and  ( — )  electrical 

conductivity  i.i  polycryatalline  Bi^Te^ 
a*  a  function  of  carrier  concentration 
at  a  ranje  of  30C~700aK.  i>ead  additives 
yield  p-type  watering  halides  yield 
n-type  samples.  Copper  must  be  added  as 
a  halide  rather  than  tha  me  al. 


Maximum  Vcluex  for  Lead-doped  Samples 


a  «  1300  (ohm -cm) 
Q  »  2C.  vV/°K 


O 


Temperature  (°K) 


Seebeck  coefficient  as  a  function 
of  temperature  for  n-type ,  Te-doped, 
and  p-type  zone  refined,  single 
crystal  bismuth  telluride. 

[Ref.  14854) 


BISMUTH  TELLURIDE 
THERMOELECTRIC  PROPERTIES 

Thermoelectric  anf  as  a  function  of 


temperature 

for  single 

crystal. 

230 

n-type,  iodine-doped  Bi2Te3>  cut 
parallel  to  (0001)  cleavage  plane. 
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[Ref.  3466] 


Iodine  concentration  (%) 


Thermal  resistivitv  as  a  function 
of  iodine  duping  at  several 
temperatures  for  single  crystal, 
n-  or  p-type  Bi^Te^;  iodine-doped 

sample  cut  parallel  to  (0001) 
cleavage  plana. 

[Ref.  3466] 
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BISMUTH  TELUIRIDE 
THERMOELECTRIC  PROPERTIES 


V 

HMI 

lS0*K 
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-■  X 

1  4 
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a 

X  a 

*  \ 

B-IjiM 

»00#K 

X 

m 

■ 

3  1 

Electrical  conductivity  x  10  (ohm-cm) 

TlwrMl  mf  as  xviatad  to  conductivity  for  son*  r*fin*d  polycrystallin*  Bi  T*3< 
Typ*  and  taoipnratur*  arc  ahovn  on  Individual  graphs.  Tha  p-typ#  material  la 
wxtop«4l  or  with  axcaaa  bismuth:  p  *  .002  ohm-cm.  The  n-typ«  is  iodin*~doped. 


[Raf.  2595} 


[Ref.  2595] 
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BISMUTH  TELLURIDE 
THERMOELECTRIC  PROPERTIES 


Saaback  coefficient  aa  a  function  of  tanparature  fa,'  two  juplta  of  single  crystal 
•ljT* j  taken  parallel  and  normal  to  (0001)  cleavage  planes.  The  undo pad  notarial 
ia  seen  to  be  isotropic  at  teaperatures  below  tha  point  at  which  Mixed  conduction 
begins. 

[Rsf.  1*5827] 
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BISMUTH  TELLURIDE 


THERMOELECTRIC  PROPERTIES 


Thermal  emf  as  a  function  of  sintering  temperature 
for  p-type,  *one  refined  BijTe^ ,  iodine-doped.  The 
material  was  crushed  and  compacted  at  various 
pressures,  then  sintered  at  temperatures  up  to 
melting  point.  Change  in  type  is  noted  and 
reproducible;  (10  ton/in2  ■  1406.14  kg/'em2). 
Compacting  pressure  has  only  slight  effect  on 
thermal  emf. 


tmtariiy  Tunfrtl  Tt  fc3 


LRef.  35H5] 
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BISMUTH  TELL'JRIDE 


THERMOELECTRIC  PROPERTIES 


Changes  in  the  Seebeck  coefficient 
as  a  function  of  pressure  at  300°K, 
in  tingle  crystal  Di.Te  . 

a  J 


fRef.  19826] 


Thermal  emf  for  Bi^Te^  single  crystal 

at  300°k  as  j  function  of  crystal  mother 
liquid  composition.  Data  taken  parallel 
(0001)  cleavage  plane. 


[Ref.  801] 
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BISMUTH  TELLUR IDE 

THEPHOELECTRIC  PROPERTIES  f ;? 
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[Raf,  12946] 
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BISMUTH  SCLCNIOC 
THERMOELECTRIC  PROPERTIES 


Thermal  emf  an  a  function  of  temperature 
for  sing ia  cryatal,  n- type 

Although  carriar  concentration  is  the 
■am*  tha  decreasa  in  conductivity  of 
95-98%  from  para  Hal  to  normal  direction, 
abova  500®K,  affacts  tha  thermal  ewif. 
Maaauramanta  baaad  on  thrae  samples. 

Samp la 

cleavage  nT  cai~ 

il  (0001)  - 2-4*io19 

1  (0001) -  " 


[Ref.  630) 


q300K 

1000-3000 (oha-cro)'^ 
50-60  " 


Themal  emf,  electrical  resistivity 
and  theraal  conductivity  in  n-type 
BijSeg  as  a  function  of  temoe^ature 

from  2  to  24°K.  The  carrier  concen¬ 
tration  is  *  1019/cc. 


[Ref.  12946] 
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BISMUTH  SELENIDE 


THERMOELECTRIC  PROPERTIES 


.  500  250 


0  K 

166  125 


Lor  electrical  conductivity  as  a  function  of  ^ 
reciprocal  temperature  for  polycrystalline  c 


Bi2SV 


cx  is  p-type 
o2  is  n-type 
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1 /Temperature  (103  °K  3 ) 


[Ref.  2473] 


^  +50 

x 
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1  -KV 


e  -50 


Thermal  emf  as  a  function  of 
temperature  for  polycrystalline 
BijSe^,  either  hot-pressed  or 

from  slowly  cooled  melts. 


100  200  300  400  500  600  700 
Temperature  (°K) 


Sample 
3)  p-type 

2)  n-type 

5) 

6) 


1.9x10 


1.6x10 
1 . 5xl03 
l.VxlO1 


[Kef.  2473] 
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PREPARED  9Y  ELECTRONIC  rnOpt  nTIEI  INFORMATION  CENTER  •  HUGHES  AIRCRAFT  COMPANY  tULVEN  ClTy  CALIFORNIA 


BISMUTH  SELENIDE 
THERMOELECTRIC  PROPERTIES 


Thermoelectric  emf  (relative  to  cooper)  of  Bi^Se^  allovs  as  a 
function  of  Se  content  at  3C0°K.  The  alloys  were  macrocrystalline. 
A  high  purity  grade  of  selenium  was  used  with  twc  commercial  grades 
of  bismuth.  The  Cerro  bismuth  purity  was  higher  than  that  of  the 
USS  brand,  although  the  latter  was  purified  before  use. 


[Ref.  12esi] 
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BISMUTH  TELLUR IDE-BI3MUTH  SELENIDE  (Bi-Te.  Se  ) 

2  3-x  x 

THERMOELECTRIC  PROPERTIES 


Thermal  eraf  as  a  function  of  temperature 
for  single  crystal  Bi^Tej  and  single  crystal 
65%  Bi  Te  -ij«  Bi0Se,.  The  normally  p-type 
Bi^Te^  is  altered  to  n-type  by  the  presence  of 
the  selenide  as  well  as  the  chlorine. 

A)  weak  doping 

B)  strong  chlorine-doped 


C 


[Ref.  5910 J 


o 


Temperature  (°K) 


Electrical  conductivity  as  a  function  of  tempera¬ 
ture  for  single  crystal  samples  in  the  Bi^Te-j-Bi^Se^ 
system.  Chlorine  doping  is  designed  to  give  the 
maximum  figure  of  merit.  The  slope  of  the  calculated 
curves  (indicated  by  integers)  gives  the  temperature 
coefficient  oi  the  electron  moD.ility. 


Ref.  5810] 
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BISMUTH  TELLUR IDE- BISMUTH  SELENIDE  (Bi-Te,  Se  ) 

a  X 


THERMOELECTRIC  PROPERTIES 


Electrical  conductivity  as  a  function  of 


temperature  for  the  BiTe3_  Se^  system. 


Temperature  (°K) 

[Ref.  3449] 


Seebeck  coefficient  as  a  function  of 
temperature  for  polycrvstall ine  Bile*  Se 

Fi  ,  .  _  _  W  “  V  V 


■1  y=  ■  Tlte  crystals  ate 

columnar  ar.«  the  measurements  are  made 
along  the  (  0001)  longitudinal  axis. 


[Ref.  3449] 


The  total  thermal 


Of  the  BiT#3_  Se 
300°K.  ”y  Y 


Composition 


[Ref.  3449] 
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BISMUTH  TELLUR IDE-BISfUTH  SELENIDE  ( Bi0Te,  Se  ) 

A  J  **X  X 

thermoelectric,  properties 


Thermal  emf  and  electrical  conductivity 
as  a  function  of  carrier  concentration 
for  iodine-doped  80%  Bi  Tc.-20%  Bi.So. 
at  300°K.  2  J  2  ' 


o  a  =  Electrical  conductivity 
o  o ?o  *  Figure  of  merit 
*  o  =  Thermal  emf 

c 


+  19  -3 

Carrier  concentration  x  10  (cm  ) 

[Ref.  2538] 


c 


£ 


Thermal  emf  and  electrical 
conductivity  as  a  function 
of  composition  in  Bi?Tej-Bi?Se3 

macrocrystalline  samples. 

x  -  Electrical  conductivity 
o  *  Thermal  emf 

[Ref.  2538] 
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BISMUTH  TELLURIDE-BISMUTH  SELEMDE  ( Bi2Sc3_xSeK  ) 
THERMOELECTRIC  PROPERTIES 


Temperature  (°K) 
Bi2Te2.7Se0.3  (p'tyf,e) 


Tempi rature  (°K) 

Bi?Te2Se  (n-type)  maximum  11  =  3xl0^/cc. 


Thermal  enf  as  a  functic  1  of  temperature  for  compensated  single  crystal  with  low 


carrier  concentration.  Sample  specifications  not  given. 


[Ref.  10984] 
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BISMUTH  TELLUR IDE -BISMUTH  SLLENIDL 
THERMOELECTRIC  PROPERTIES 


,„f 

u.  IV  w»/-A. 


MO*  W/W*K) 


1/Temparature  (103  °K-*) 


Il!Sr^'ei:eCtri5  ProPerti«s  as  a  function  of  reciprocal  temperature  for 
90*  Bi2T«3-]0%  Bi?£«3,  polycrystaliine  samples. 


P  -  resistivity 
0  -  thermal  emf 
k  -  thenal  conductivity 
Z  -  figure  of  merit 


[Ref.  15501] 
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“Is'-'r*  of  merit  <i  a  function  of  temneratut-.*  for  polycrystallinc  samples  of 
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BISMUTH  TELLUR1DE  and  3ISMUTH  SELLNIDE 
THERMOMAGNETIC  PROPERTIES 


Nernst-Et tingshausen  coefficient  as  a 
function  of  temperature  for  pol ycrystalline , 
cast  and  pressed  Bi?Te3,  in  a  7't00  Oe  field. 

Field  is  applied  parallel  to  (0001)  cleavage 
plane . 

Sample  Type 

1  n 

2  n 

3  n 

**  P 


n ,  cm 
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? . ?x 1 0 
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19 

19 

19 


6x1  U 
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19 
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[Ref.  2537] 


Transverse  Nernst-Et  tinrshausen 
coefficient  as  a  function  of 
temperature  for  polycrystalline 
Bi?Se3-  Material  was  either  hot- 

pressed  or  slowly  cooled.  Carrier 
concentration  at  200° K: 

i  Type 

1  P 

3  p 

2  n 

4  r 

5  n 

6  P 


n ,  cm 

1.2x10 

1.9x10 


-  3 


19 
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1.5x10 

1.7x10 


18 

18 

19 

19 
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BISMUTH  TELLURIDE 
WORK  FUNCTION  ($  ) 


Value  (eV) 

Sample 

Test  Method 

Temperature  Ref. 

♦ 

5.30 

single  crystal,  p-type,  (0001) 

electron  photo- 

300°K  493 

- 

emission 

Work  function  behaviour  with  temperature  for  three 
n-,  and  p-type  Bi2Te.j.  Measurements  made  by  means 
ference  experiments. 


samples  of  polycrystalline, 
of  contact  potential  dif- 
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BISMUTH  TELLURIDE-BISMUTH  SELENIDE 
WORK  FUNCTION  0  6  F  '200  f 
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Work  function  behaviour  with  temperature  for  two  samples  of  polycrystalline ,  n-  and 
p-type,  80%  Bi„Teg  t  20l  Bi^Se^.  Conductivity  and  thermal  emf  are  also  shown. 
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